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PREFACE 
The work d e s c r i b e d i n t h i s t h e s i s i s t h e outcome o f 
a s y s t e m a t i c s t udy c a r r i e d on t h e e m i s s i o n of h i g h ene rgy 
d e u t e r o n s by 24 6eV/c p r o t o n i n t e r a c t i o n s f rom emul s ion 
n u c l e i . An a t t e m p t h a s been made to i n t e r p r e t t h e e x p e r i -
m e n t a l r e s u l t s i n t e r m s of t h e i r p r o d u c t i o n due t o two 
p r o c e s s e s i ) the p i c k - u p p r o c e s s and i i ) the c o l l i s i o n of 
c a s c a d e n u c l e o n s i n t he e n e r g y band ( 3 0 0 - 9 0 0 ) MeV w i t h o t h e r 
n u c l e o n s i n the t a r g e t n u c l e u s . 
I n C h a p t e r I , f i r s t a b r i e f h i s t o r i c a l r e v i e w of the 
s t u d y of h i g h ene rgy d i s i n t e g r a t i o n s i s g i v e n and then the 
e x p e r i m e n t a l work on the e m i s s i o n of d e u t e r o n s done by o t h e r 
w o r k e r s i s b r i e f l y summar i sed . I n t h e l a t e r p a r t s of 
C h a p t e r I , d i f f e r e n t models p r o p o s e d by v a r i o u s w o r k e r s f o r 
t h e e x p l a n a t i o n of d e u t e r o n e m i s s i o n i n h i g h ene rgy n u c l e a r 
d i s i n t e g r a t i o n s a r e d e s c r i b e d i n a p p r o p r i a t e d e t a i l * 
C h a p t e r I I i s d e v o t e d t o the d e s c r i p t i o n of t h e 
e x p e r i m e n t a l t e c h n i q u e . S t a r t i n g w i t h the d e t a i l s of the 
e x p o s u r e of t h e s t a c k , the c h a p t e r c o n t a i n s d i s c u s s i o n s on 
the v a r i o u s me thods of measu remen t s and i d e n t i f i c a t i o n 
employed i n the p r e s e n t e x p e r i m e n t . 
C h a p t e r I I I c o n t a i n s t h e d e t a i l s of t h e o b s e r v e d d a t a 
on t h e e m i t t e d d e u t e r o n s f rom heavy n u c l e i i n e m u l s i o n . The 
11 
d i s c u s s i o n of t he d a t a i n t he l i ^ t of the B u t l e r and 
P e a r s o n model i s a l s o g i v e n . I n the l a t e r p a r t of t h e 
c h a p t e r , an a t t e m p t has been made to e x p l a i n our o b s e r v e d 
d a t a on d e u t e r o n s - As a c o n s e q u e n c e of t h i s , i t h a s been 
shown t h a t t h e p r o d u c t i o n of o b s e r v e d d e u t e r o n s i s the 
combined e f f e c t of the two p r o c e s s e s : i ) the p i c k - u p p r o c e s s 
i n the n u c l e u s from c a s c a d e n u c l e o n s of e n e r g i e s ( 1 0 0 - 3 0 0 ) 
MeV and i i ) t h e c o l l i s i o n of c a s c a d e n u c l e o n s of e n e r g i e s 
(300 -900) MeV w i t h o t h e r n u c l e o n s of t h e t a r g e t n u c l e u s * 
I n C h a p t e r IV t h e d a t a on d e u t e r o n e m i s s i o n f o r the 
l i g h t n u c l e i of e m u l s i o n i s g i v e n . The i n t e r p r e t a t i o n of t he 
d a t a i s b a s e d on the same mechanisms a s d e s c r i b e d i n 
C h a p t e r I I I « 
C h a p t e r V summar i ses t h e whole work and c o n t a i n s 
f i n a l d i s c u s s i o n and r e m a r k s on the problem o f d e u t e r o n 
e m i s s i o n , b a s e d on the a n a l y s i s c a r r i e d on i n the p r e s e n t 
i n v e s t i g a t i o n . 
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CHAPTBR I 
I H T R O D U C T I O N 
a ) Gene ra l } 
The mechanism of the p r o d u c t i o n of d e u t e r o n s i n 
h i g h ene rgy n u c l e a r d i s i n t e g r a t i o n s h a s been a problem of 
i n t e r e s t f o r the l a s t two d e c a d e s . The s t a t i s t i c a l t r e a t m e n t 
of n u c l e a r d i s i n t e g r a t i o n s was s t a r t e d by Bohr and K a l c k a r ^ 
on l i n e s s i m i l a r t o t h e t h e r m o d y n a m i c a l t r e a t m e n t of evapo— 
2 
r a t i o n of a l i q u i d d r o p . I t was f u r t h e r e x t e n d e d by Be t h e 
•5 
and M e i s s k o p f . They made r i g o r o u s c a l c u l a t i o n s f o r e v a p o -
r a t i o n f rom an e x c i t e d n u c l e u s , Bagge^~^ and H a r d i n g e t a l , ^ 
a p p l i e d the t h e o r y t o e x p l a i n t h e e m i s s i o n of low e n e r g y 
p a r t i c l e s e m i t t e d i n n u c l e a r d i s i n t e g r a t i o n s and f o u n d a 
f a i r agreement u p t o e n e r g i e s of ~ 15 MeV. At h i g h e r 
e n e r g i e s the agreement was f o u n d t o be r a t h e r p o o r . At 
v e r y low e n e r g i e s em e x c e s s of p a r t i c l e s was f o u n d to be 
e m i t t e d a s compared w i t h the t h e o r e t i c a l p r e d i c t i o n s . 
n 
Le-Xioateur h a s g i v e n a more s a t i s f a c t o r y t h e o r y of n u c l e a r 
e v a p o r a t i o n u s i n g the Fermi g a s model of the n u c l e u s , 
2 
t a k i n g i n t o a c c o u n t t h e c o o l i n g e f f e c t , t h e e x p a n s i o n of t he 
n u c l e u s due t o r i s e i n t e m p e r a t u r e and p r o t o n decay e f f e c t . 
w i t h the deve lopment of the e l e c t r o n s e n s i t i v e 
e m u l s i o n s i n 1948 , t he d e t a i l e d e x p e r i m e n t a l s tudy of the 
Q 
n u c l e a r d i s i n t e g r a t i o n s was u n d e r t a k e n by P a g e , Camer in i 
9—12 13 
e t a l . and F o w l e r . These s t u d i e s were made f o r the 
d i s i n t e g r a t i o n s caused by h i g h e n e r g y cosmic r a y s i n 
e m u l s i o n . The e x p e r i m e n t a l s t u d y of n u c l e a r d i s i n t e g r a t i o n s 
h a s been e x t e n d e d f u r t h e r by D a n i e l e t a l . , ^ ^ Kaplon and 
H i t s o n , ^ ^ and D a n i e l a n d P e r k i n s , ^ ^ These s t u d i e s have 
r e v e a l e d t h a t the d i s i n t e g r a t i o n of the n u c l e u s i n v o l v e s 
1 ) the e m i s s i o n of a number of r e l a t i v e l y slow p a r t i c l e s 
w i t h e n e r g i e s and an a n g u l a r d i s t r i b u t i o n t y p i c a l of e v a p o -
r a t i o n and 2 ) a s m a l l number of p a r t i c l e s of h i g h e n e r g y 
( 3 0 MeV) which can n o t be a c c o u n t e d f o r i n t e r m s of 
e v a p o r a t i o n a l o n e . 
I n t h e slow p a r t i c l e s , n e a r l y 3056 of s i n g l y c h a r g e d 
ones e m i t t e d from s t a r s were f o u n d t o be d e u t e r o n s and 
7 
t r i t o n s . L e - ^ o u t e u r h a s e s t i m a t e d a v a l u e of 285t, which 
i s i n good agreement w i t h t h e e x p e r i m e n t a l r e s u l t s . 
Among t h e h i g h ene rgy p a r t i c l e s e m i t t e d from s t a r s , 
the d e u t e r o n s and t r i t o n s were found i n a p p r e c i a b l e numbers . 
3 
12 Camer in i e t a l . . found i n t h e i r e x p e r i m e n t s d e u t e r o n s and 
t r i t o n s u p t o e n e r g i e s 1000 MeV, I t s h o u l d , howeve r , be 
n o t e d t h a t cosmic r a y s a r e no t s u i t a b l e p r o j e c t i l e s f o r 
s t u d i e s on t he e m i s s i o n of t h e s e s t a b l e p a r t i c l e s . The 
cosmic r a y d i s i n t e g r a t i o n s a r e c a u s e d by p r i m a r i e s of e n e r -
8 
g i e s r a n g i n g f rom a few hundred MeV t o 10 MeV* M o r e o v e r , 
a t ve ry h i g h e n e r g i e s the i d e n t i t y of the i n c i d e n t p a r t i c l e s 
a l s o becomes unknown. Under s u c h e x p e r i m e n t a l c o n d i t i o n s a t 
r i g o r o u s a n a l y s i s of t h e e x p e r i m e n t a l r e s u l t s i s o b v i o u s l y 
n o t p o s s i b l e . 
The deve lopment of h i g h e n e r g y a c c e l e r a t i n g m a c h i n e s 
opened up t h e c h a p t e r of n u c l e a r d i s i n t e g r a t i o n s c a u s e d by 
17 m o n o e n e r g e t i c i n c i d e n t beams of d i f f e r e n t p a r t i c l e s , York 
u s i n g a p r o p o r t i o n a l c o u n t e r t e l e s c o p e and B r u e c k n e r and 
18 
Powel l u s i n g a c l o u d chamber s e p a r a t e l y s t u d i e d the 
e m i s s i o n p r o d u c t s frcxn c a r b o n t a r g e t s bombarded by 90 MeV 
n e u t r o n s . The d e u t e r o n s o b s e r v e d i n t h e i r e x p e r i m e n t s were 
found t o have e n e r g i e s f rom z e r o to 90 MeV w i t h a maxima 
be tween 60 and 70 MeV. The e m i s s i o n of t h e s e d e u t e r o n s h a s 
w e l l been a c c o u n t e d f o r i n t e rms of t h e i r p r o d u c t i o n by t h e 19 p i c k - u p p r o c e s s s u g g e s t e d by Chew and G o l d b e r g e r , As t h e 
t h e o r y i s a p p l i c a b l e on ly t o l i g h t a u c l e i , - an e x t e n s i o n h a s 
20 
been g i v e n by Heidmann so a s t o make i t a p p l i c a b l e t o 
heavy n u c l e i . The c a l c u l a t e d p i c k - u p c r o s s - s e c t i o n i s found 
4i 
t o f a l l o f f w i t h e n e r g y a s E"*^, and the c o n t r i b u t i o n above 
t o o MeV due t o t h i s p r o c e s s i s f o u n d to be a l m o s t n e g l i g i b l e . 
E x p e r i m e n t s have r e v e a l e d an a p p r e c i a b l e v a l u e f o r 
t he c r o s s - s e c t i o n f o r d e u t e r o n p r o d u c t i o n t h r o u g h t h e 
r e a c t i o n p+p—»• d a t p r o t o n e n e r g i e s of ( 3 0 0 - 9 0 0 ) MeV» 
I n I 9 6 0 , Cocconi e t a l . made a s t u d y of t he r e a c t i o n 
o 
p r o d u c t s e m i t t e d a t 1 5 . 9 t o t h e c i r c u l a t i n g beam f r c m 
bombardment of v a r i o u s t a r g e t s by 25 GeV/c p r o t o n s . The 
e m i t t e d d e u t e r o n s were f o u n d t o have momenta v a r y i n g f rom 
few MeV/c t o s e v e r a l GeV/c, L a t e r t he e x p e r i m e n t s were 
27—28 
r e p e a t e d a t wide a n g l e s a t CERN and Brookhaven , Hagedorn 
e n v i s a g e d t h e p r o d u c t i o n of h i g h e r e n e r g y d e u t e r o n s i n t e r m s 
of d i r e c t p r o d u c t i o n i n an e l e m e n t a r y p r o c e s s o f h i g h e n e r g y 
p - p c o l l i s i o n . But t h e s e c a l c u l a t i o n s have n o t met w i t h 
s u c c e s s . N e v e r t h e l e s s , we can n o t e x c l u d e t h e p o s s i b i l i t y 
o f some of t h e s e d e u t e r o n s b e i n g p r o d u c e d i n d i r e c t c o l l i -29 
s i o n s w i t h beam p r o t o n s . R e c e n t l y , e x p e r i m e n t s a t CERN 
and Brookhaven^® have shown s i g n i f i c a n t c r o s s - s e c t i o n f o r 
d e u t e r o n p r o d u c t i o n w i t h p r o t o n s of v a r i o u s momenta i n the 
r a n g e ( 1 0 - 2 4 ) GeV/c a g a i n s t h y d r o g e n t a r g e t s . The p r o d u c -
t i o n of d e u t e r o n s a t l o w e r e n e r g i e s i n p - p i n t e r a c t i o n s had 
a l r e a d y been o b s e r v e d i n d i f f u s i o n hydrogen c l o u d chamber51 
and hydrogen b u b b l e chamber . 
5 
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B u t l e r and P e a r s o n have p r o p o s e d t h e f o r m a t i o n of 
a d e u t e r o n by t h e p a i r i n g of two c a s c a d e n u c l e o n s ( a p r o t o n 
and a n e u t r o n ) h a v i n g s m a l l r e l a t i v e momen ta ,deve loped w i t h -
i n t h e s t r u c k n u c l e u s . T h e i r c a l c u l a t i o n s were f o u n d t o 
a g r e e w i t h t h e e x p e r i m e n t a l r e s u l t s a t CERH due to F i t c h 
pc P'z pC 
e t a l , , Cocconi e t a l . , ^ and S c h w a r z s c h i l d and Z u p a n c i c , 
The d a t a on d e u t e r o n s from t h e s e e x p e r i m e n t s were c o n f i n e d 
t o d e u t e r o n momenta 1 GeV/c and a b o v e . V a r i o u s o t h e r 
models^^"'^'^ have been p r o p o s e d f o r the p r o c e s s . 
I n an a t t e m p t to e x p l a i n the e m i s s i o n of d e u t e r o n s 
w i t h e n e r g i e s ( 4 6 - 1 8 5 ) MeV f rom t h e bombardment of heavy 
n u c l e i i n e m u l s i o n by 24 GeV/c p r o t o n s , Sa n i e ws ka e t a l . ^ ® 
have r e p o r t e d t h a t e v e r y f e a t u r e of d e u t e r o n e m i s s i o n i n 
the above i n t e r v a l cou ld n o t be e : ^ l a i n e d by B u t l e r and 
P e a r s o n m o d e l . ^ ^ I n a s i m i l a r e x p e r i m e n t A,A, Kamal e t a l . ^ ^ 
have c o l l e c t e d and a n a l y s e d t h e d e u t e r o n s of e n e r g y ( 1 7 0 -
1050) MeV i n s t a r s w i t h Nj^^t 4 and have c o n c l u d e d t h a t t h e 
y i e l d of d e u t e r o n s i n t h e c o n s i d e r e d i n t e r v a l i s f a i r l y 
e x p l a i n e d i n t e r m s of n u c l e o n - n u c l e o n c o l l i s i o n s . I n t h e 
p r o c e s s c o n s i d e r e d by them, t he d e u t e r o n s a r e supposed t o be 
p roduced by the c o l l i s i o n s of c a s c a d e n u c l e o n s w i t h o t h e r 
n u c l e o n s of t h e t a r g e t n u c l e u s . 
We f e e l t h a t so f a r t h e s tudy of the p r o d u c t i o n of 
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d e u t e r o n s below 1 GeV h a s n o t r e c e i v e d p r o p e r a t t e n t i o n i n 
the s e n s e t h a t t h e d a t a , which have been u s e d to t e s t the 
v a l i d i t y of d i f f e r e n t m o d e l s do n o t b e l o n g to a s i n g l e 
e x p e r i m e n t . The d a t a , i f c o l l e c t e d from a s i n g l e e x p e r i m e n t 
c o v e r i n g a s wide an e n e r g y i n t e r v a l a s p o s s i b l e , s h o u l d 
o b v i o u s l y g i v e a b e t t e r u n d e r s t a n d i n g of the p r o b l e m . The 
work d e s c r i b e d h e r e i s an a t t e m p t i n t h i s d i r e c t i o n . The 
p r e s e n t i n v e s t i g a t i o n has been c a r r i e d o u t f o r d e u t e r o n s of 
ene rgy ( 3 0 - 7 2 0 ) MeV u s i n g n u c l e a r e m u l s i o n t e c h n i q u e . The 
given 
r e s u l t s of the i n v e s t i g a t i o n s , a ad c o n c l u s i o n s have been i n 
c h a p t e r s I I I and IV r e s p e c t i v e l y f o r heavy and l i g h t n u c l e i 
i n e m u l s i o n . 
h ) D e u t e r o n F o r m a t i o n p r o c e s s e s : 
We now d e s c r i b e t h e v a r i o u s p r o p o s e d m o d e l s and 
p r o c e s s e s f o r t he p r o d u c t i o n of d e u t e r o n s . The b a s i c p r o c e s s 
n u c l e o n + n u c l e o n d e u t e r o n + p i o n 
which h a s been o b s e r v e d i n Bubble chamber e x p e r i m e n t Sj h a s 
been d e s c r i b e d i n c h a p t e r s III and IV where the e x p e r i m e n t a l 
r e s u l t s have been p r e s e n t e d , 
^ ) P i c ^ - u p Pro c e s s t 
P i c k - u p P r o c e s s due t o Chew and G o l d b e r g e r : Chew and 
7 
12 G o l d b e r g e r have p r o p o s e d the *p i ck -up* o r the sudden 
r e a r r a n g e m e n t p r o c e s s f o r t he p r o d u c t i o n of d e u t e r o n s . They 
have made s e m i - e m p i r i c a l c a l c u l a t i o n f o r the c r o s s - s e c t i o n 
f o r t h e p r o d u c t i o n of f a s t d e u t e r o n s i n h i g h e n e r g y n u c l e a r 
r e a c t i o n s f rom i n c i d e n t n e u t r o n beam. The most comple t e 
e x p e r i m e n t a l d a t a on d e u t e r o n s , which was a v a i l a l j e a t t h a t 
17 t ime due t o York, c o u l d be e x p l a i n e d f a i r l y w e l l f rom the 
19 17 c a l c u l a t e d r e s u l t s of Chew and G o l d b e r g e r , .The Y o r k ' s 
e x p e r i m e n t a l r e s u l t s have been r e p o r t e d i n d e t a i l by Hadley 
40 and York , The d e u t e r o n s o b s e r v e d i n t h e i r e x p e r i m e n t f o r 
90 MeV i n c i d e n t n e u t r o n beam, were h a v i n g e n e r g i e s f rom 
> ' 
z e r o to 90 MeV w i t h a peak be tween 60 and 70 MeV* 
I n sudden r e a r r a n g e m e n t p r o c e s s , a n u c l e o n of s u i t a b l e 
momentum from the t a r g e t n u c l e u s i s t r a n s f e r r e d t o the 
i n c o m i n g n u c l e o n . F o r example , i n t h e c a s e of i n t e r a c t i o n s 
of h igh e n e r g y n e u t r o n s w i t h n u c l e i , t h e i n c i d e n t n e u t r o n 
a s s o c i a t e s i t s e l f w i t h a p r o t o n of s u i t a b l e momentxim from 
t h e t a r g e t n u c l e u s to form a d e u t e r o n . O b v i o u s l y , the 
p r o b a b i l i t y of d e u t e r o n f o r m a t i o n i s maximum when the two 
n u c l e o n s a r e n e a r l y of ec^ual momenta and a r e moving i n t h e 
same d i r e c t i o n . But due t o the l o o s e s t r u c t u r e of the 
d e u t e r o n , t h e p r o b a b i l i t y of i t s f o r m a t i o n r e m a i n s h i g h even 
i n c a s e s where t h e d i f f e r e n c e of the momenta i s a p p r e c i a b l e . 
8i 
The p r o c e s s i s a l m o s t the i n v e r s e o f d e u t e r o n s t r i p p i n g 
which h a s been d i s c u s s e d by S e r b e r ^ ^ a s w e l l a s F e a s l e e . ^ ^ 
19 
The c a l c u l a t i o n g i v e n by Chew and G o l d b e r g e r a p p l y ~ 
i n g Born a p p r o x i m a t i o n c o n c e r n s on ly the p a s s i n g n u c l e o n and 
t h e one w i t h w h i c h ^ i t j o i n s . The i n t e r a c t i o n s o f t he p a s s i n g 
n u c l e o n w i t h the o t h e r n u c l e o n s p r e s e n t i n t he n u c l e u s have 
been n e g l e c t e d . Th is i s t r u e i n t h e c a s e of h i g h e n e r g y 
c o l l i s i o n w i t h l i g h t n u c l e i s i n c e the p r o t o n s and n e u t r o n s 
a r e n e a r l y t r a n s p a r e n t f o r l i g h t n u c l e i a t e n e r g i e s of the 
o r d e r of 100 MeV. 
The c r o s s - s e c t i o n p e r n u c l e o n f o r e m i s s i o n of a 
d e u t e r o n i n t o the s o l i d a n g l e d-O. l e a v i n g the n u c l e u s i n t he 
19 f i n a l s t a t e ^ i s feiven by Chew and G o l d b e r g e r i n t h e form 
where M i s t h e mass of a n u c l e o n and IT" and a r e t h e wave 
v e c t o r s of t h e i n c i d e n t n e u t r o n and the c e n t r e of mass of 
t h e o u t g o i n g d e u t e r o n . 
A l s o , 
I I H l^ = N [ e . , + 1 1 f ] . I e 
9i 
whereJ 
Bp i s the d e u t e r o n b i n d i n g e n e r g y ; 
^ ( r ) i s t h e d e u t e r o n i n t e r n a l wave f u n c t i o n ai idN(K'~ k ) 
i s t he p r o b a b i l i t y of f i n d i n g t h e p r o t o n h a v i n g the momentum 
(K X ) i n t h e i n i t i a l n u c l e u s . 
The c r o s s - s e c t i o n f a l l s o f f r a p i d l y w i t h i n c r e a s i n g 
v a l u e of the ene rgy of the p r i m a r y n u c l e o n . I t s v a l u e , 
a l t h o u ^ l a r g e a t tOO MeV, r e d u c e s n e a r l y t o z e r o a t 300 MeV 
f o r n e u t r o n s . 
20 
J . Heidmann h a s e x t e n d e d the c a l c u l a t i o n s of Chew 
and G o l d b e r g e r f o r heavy n u c l e i u s i n g the c o r r e c t e d F e r m i -
model of the n u c l e u s . He o b t a i n e d t h e e n e r g y dependence 
of the p r o c e s s a n d f o u n d t h a t t h e t o t a l c r o s s - s e c t i o n v a r i e s 
a s the i n v e r s e of the s i x t h power o f t h e ene rgy of the 
i n c i d e n t n e u t r o n . 
i i ) B u t l e r and P e a r s o n Model? 
I n i n t e r p r e t i n g the e m u l s i o n r e s u l t s , B r i s t o l g r o u p 
s u g g e s t e d t h e f o m a t i o n of a d e u t e r o n f rom t h e p a i r i n g of 
a knock-on n u c l e o n w i t h a n u c l e o n i n the t a i l of the Fermi 
d i s t r i b u t i o n of the e x c i t e d n u c l e u s . But , s i n c e i n h i g h 
e n e r g y i n t e r a c t i o n s t h e d e u t e r o n s h a v i n g momenta u p t o few 
10i 
GeV/c a r e found i n a p p r e c i a b l e number , B u t l e r and P e a r s o n ^ ^ 
have s u g g e s t e d t he f o r m a t i o n of a d e u t e r o n by t h e p a i r i n g of 
two c a s c a d e n u c l e o n s (a p r o t o n and a n e u t r o n ) w i t h s m a l l 
r e l a t i v e momenta d e v e l o p e d w i t h i n t h e s t r u c k n u c l e u s . . With 
t h i s p r e d i c t i o n i t becomes c l e a r t h a t t h e r e i s a s t r o n g 
dependence of t h e momentum d i s t r i b u t i o n of d e u t e r o n s on t h e 
c o r r e s p o n d i n g d i s t r i b u t i o n of p r o t o n s . V i t h the p r o p o s e d 
mechanism B u t l e r " and P e a r s o n have made the c a l c u l a t i o n f o r 
t h e p r o b a b i l i t y of d e u t e r o n f o r m a t i o n . The f i n a l e x p r e s s i o n 
{[eqL« (11 ) 3 o b t a i n e d by them g i v e s the i n t e n s i t y of d e u t e r o n s 
of momentum ^ i n t e r m s of the s q u a r e of t he c o r r e s p o n d i n g 
i n t e n s i t y of p r o t o n s of momentum' • 
IT 
M a t h e m a t i c a l F o r m u l a t i o n of B u t l e r and P e a r s o n Model t 
The f o r m a t i o n of d e u t e r o n s by t h i s p r o c e s s i n v o l v e s 
t h e i n t e r a c t i o n of a n e u t ^ r o n and a p r o t o n among t h e m s e l v e s 
and w i t h t h e n u c l e a r f i e l d . Thus , t h r e e p o s s i b i l i t i e s f o r 
t h e d e u t e r o n f o r m a t i o n may a r i s e ; i ) t h e d e u t e r o n may be 
formed i n the i n t e r m e d i a t e s t a t e f i r s t by the i n t e r a c t i o n 
of a n e u t r o n and a p r o t o n and i n the f i n a l s t a t e i t i s 
s c a t t e r e d by the n u c l e u s , i i ) t h e n e u t r o n i s s c a t t e r e d 
f i r s t i n t h e i n t e r m e d i a t e s t a t e and t h e d e u t e r o n i s fo rmed 
i n t he f i n a l s t a t e by t h e i n t e r a c t i o n of the s c a t t e r e d 
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n e u t r o n and an u n s c a t t e r e d p r o t o n , i i i ) the s c a t t e r e d 
p r o t o n p a i r s w i t h an u n s c a t t e r e d n e u t r o n . These p r o c e s s e s 
may w e l l be u n d e r s t o o d i n t e r m s of Peynman l i k e d i a g r a m s 
shown below i n H g . ( a ) , ( b ) and ( c ) r e s p e c t i v e l y . 
Here k^ and k^ a r e the momenta of n e u t r o n and p r o t o n 
r e s p e c t i v e l y i n t h e i n i t i a l s t a t e , ^ the r e c o i l momentum 
of the n u c l e u s and K the d e u t e r o n momentum i n t h e f i n a l 
s t a t e . The c o n t r i b u t i o n s f rom t h e s e d iagrams have been 
c a l c u l a t e d u s i n g a s econd o r d e r p e r t u r b a t i o n t h e o r y . We 
f i r s t d e s c r i b e the n o n - r e l a t i v i s t i c c a l c u l a t i o n and l a t e r 
i t s e x t e n s i o n t o i n c l u d e r e l a t i v i s t i c e f f e c t s . 
N o n - r e l a t i v i s t i c C a l c u l a t i o n : 
The i n i t i a l wave f u n c t i o n ^ f o r two n u c l e o n s 
12i 
( n e u t r o n and p r o t o n ) of momenta ' kk^ and r e s p e c t i v e l y 
i s 
where L i s the l e n g t h of a n o r m a l i s e d c u b e . The f i n a l 
wave f u n c t i o n ^ of a d e u t e r o n w i t h momentxim T i s t h e n 
= . . . . ( g j 
Li 
where ( r ) i s i n t e r n a l d e u t e r o n wave f u n c t i o n , T i s t h e 
r e l a t i v e c o - o r d i n a t e and R i s t he c .m, c o - o r d i n a t e . I f 
li (K) d'K r e p r e s e n t s t h e t r a n s i t i o n p r o b a b i l i t y of the 
f o r m a t i o n of a d e u t e r o n of wave v e c t o r K i n a i n t e r v a l dK 
a f t e r a time t , by t h e c o m b i n a t i o n of o p t i c a l p o t e n t i a l 
V ( ^ ^ ) + V w i t h t h e i n t e r n a l n e u t r o n - p r o t o n i n t e r a c t i o n 
V ( r ) , t h e n i t i s g i v e n a s 
. . . . (4? ) 
where H^^ ^ i s the second o r d e r m a t r i x e lement i n v o l v i n g the 
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p r o d u c t ^ (K) i s t he d e n s i t y of f i n a l s t a t e s , 
and 
. . . . ( S ) 
where Ej^  and S^ ^ a r e t h e i n i t i a l and f i n a l e n e r g i e s , r e s p e c t -
( 2 ) i y e l y . Also i s g i v e n a s 
u; O) 
Hi,^ - ^ s . - e ' • . . . . (16 ) 
where HH ^ aJid H ^ p a r e the f i r s t - o r d e r m a t r i x e l e m e n t s 
and t h e s u f f i x j s t a n d s f o r an i n t e r m e d i a t e s t a t e . Then 
c o r r e s p o n d i n g to t h e t h r e e diagraxa^s ( a ) , ( b ) and ( c ) , t h e r e 
a r e t h r e e t y p e s o f e m t r i b u t i o n s to r e l a t i o n ( G ) . The 
t o t a l s e c o n d - o r d e r m a t r i x e l e m e n t comes out to be 
V l F i ! ^ ^ 
2 1 L _ n 
where t » 1 / 2 ( £ - 1 ) 
and g i s the F o u r i e r t r a n s f o r m of V, i s t h e d e u t e r o n 
m 
b i n d i n g e n e r g y , m the n u c l e o n mass aftd C ^ ^ 9 
27T 
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I f p ( k ) g i v e s the d i s t r i b u t i o n of each type of 
c a s c a d e n u c l e o n s p e r n u c l e u s a t any t i m e , t h e n t h e p r o b a -
b i l i t y of d e u t e r o n f o r m a t i o n a t t h e above d i s t r i b u t i o n i s 
o b t a i n e d when t h e t r a n s i t i o n p r o b a b i l i t y e q , (J4<) i s m u l t i p l i e d 
by 3 a 
and the i n t e g r a t i o n i s p e r f o r m e d o v e r a l l v a l u e s of Ic^ and 
k g . Here R^ i s the n u c l e a r r a d i u s . 
T h u s , f i n a l l y , we have t h e d e u t e r o n d i s t r i b u t i o n p e r n u c l e u s 
n (K) dK w i t h 
• ^ f j i 
Here T' i s t h e t ime f o r one t r a v e r s a l of the n u c l e u s by each 
p a i r of n u c l e o n s h a v i n g c«m, momentum c l o s e t o I t s 
a p p r o x i m a t e v a l u e i s g i v e n a s 7 ' c i 4 m R^AO^ 
The e x p r e s s i o n ( S ) a f t e r i n t e g r a t i o n and s u b s t i t u t i o n 
becomes. 
. . . . ( ; 9 ) 
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where I (Rq) i s a d i m e n s i o n l e s s number and i s a f u n c t i o n 
of R^. B u t l e r and P e a r s o n ^ ^ have p l o t t e d I (R ) v e r s u s R , 0 0 0 
I f Hp and n^ d e n o t e the d i s t r i b u t i o n of p r o t o n s 
and d e u t e r o n s r e s p e c t i v e l y i n t he e x p e r i m e n t a l r e s u l t s i n 
t e r m s of t he number of p a r t i c l e s p e r u n i t s o l i d a n g l e , p e r 
u n i t momentum (BeV/c) p e r c i r c u l a t i n g p r o t o n , t h e n 
and 2 , ^ 
where ifi^  i s t h e e f f i c i e n c y of t h e t a r g e t . 
Then m u l t i p l y i n g the d e u t e r o n number by the s p i n f a c t o r 3 / 4 
we f i n a l l y have 
CK)- i n J i ^ ( i f 
^ Tj^ ^ ^ ^ ^ . . . . (10 ) 
where ^ y ^ o and i s a wave number c o r r e s p o n d i n g 
t o 1 BeV/c . 
R e l a t i v i s t i c C o r r e c t i o n ; 
S i n c e the s m a l l r e l a t i v e momenta ( i n t e r n a l d e u t e r o n 
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momenta) o n l y c o n t r i b u t e t o t h e m a t r i x e l e m e n t s of eq« ( ' 6 ) 
and t o o t h e r s i m i l a r t e r m s , the r e l a t i v i s t i c c a l c u l a t i o n s 
a r e much s i m p l i f i e d • The o n l y m o t i o n which i s t o be t r e a t e d 
r e l a t i v i s t i c a l l y i s the c«im. m o t i o n of t h e two n u e l e o n s . A l l 
r e l a t i v i s t i c c o r r e c t i o n s t h e n a p p e a r i n t e rms of the f a c t o r 
Y , w i t h 
where v^ and v^ a r e t h e i n i t i a l v e l o c i t i e s of two n u e l e o n s 
r e s p e c t i v e l y , and V i s t h e e ,m, v e l o c i t y of two n u e l e o n s 
which i s a l m o s t unchanged by the d e u t e r o n f o r m a t i o n . 
Thus a p p l y i n g c o r r e c t i o n s i n v a r i o u s s t e p s of t h e 
c a l c u l a t i o n s i n v o l v i n g , t he f i n a l e x p r e s s i o n comes o u t 
t o be 
The a u t h o r s of the model have compared t h e e x p r e s s i o n (11 ) 
f o r the e x p e c t e d d e u t e r o n momentum s p e c t r u m w i t h the 
e x p e r i m e n t a l r e s u l t s of i i t c h e t a l , ^ ^ S c h w a r z s c h i l d and 
26 23 Z u p a n c i c and Cocconi e t a l . The e x p e r i m e n t a l and 
t h e o r e t i c a l r e s u l t s a r e found t o be i n good a g r e e m e n t . 
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i i i ) O t h e r M o d e l s : 
^ ) Hagedor i i*s s t a t i s t i c a l model f o r p««p c o l l i s i o n % 
Hagedorn e n v i s a g e d t h a t t h e d e u t e r o n s can a l s o 
be p o s s i b l y p r o d u c e d i n the e l e m e n t a r y p r o c e s s of h i g h e n e r g y 
p«p c o l l i s i o n a t 25 GeV and t h e p r o c e s s may be d e s c r i b e d a s 
p + p d + p i o n s + o t h e r s , ( i 2 ) 
I t may be r e c a l l e d t h a t t h e p r o d u c t i o n of d e u t e r o n s by t h i s 
p r o c e s s h a s now b e e n e x p e r i m e n t a l l y e s t a b l i s h e d , 
Hagedorn j t h u s a s s u m i n g t h e p r o d u c t i o n o f d e u t e r o n s i n t h e 
e l e m e n t a r y p r o c e s s o f p - p c o l l i s i o n , h a s e x t e n d e d h i s 
c a l c u l a t i o n s of the s t a t i s t i c a l t h e o r y o f p a r t i c l e p r o d u c t i o n 
t o d e u t e r o n s a l s o . The s t a t i s t i c a l model d e s c r i b e d by h im, 
g i v e s t h e p r o b a b i l i t y P (F) f o r f i n d i n g n p a r t i c l e s i n t h e 
f i n a l s t a t e o f i n t e r a c t i o n of m a s s e s m^jm^, . . 
P C F y = 
7T N J . ^ • • • • ( 1 3 ) 
and the momentum s p e c t r u m of p a r t i c l e i ( i n f a c t of a l l 
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p a r t i c l e s of t h a t k i n d ) i s g i v e n a s 
W x W c l p _ p c f ; 
• • • • {j4 ) 
where-wlT^means t h a t the mass 'yrv. h a s been o m i t t e d . These 0 » 
r e l a t i o n s have been d e r i v e d by the use of S n n a t r i x t h e o r y * 
Here S (E, i s the a p p r o x i m a t e v a l u e of t h e 
mean of t he m a t r i x e l emen t s q u a r e d . E i s t h e t o t a l c»m, 
e n e r g y of t h e sys tem and , y ^ , a r e t h o s e 
p a r a m e t e r s of t h e n p a r t i c l e s which s u r v i v e the i n t e g r a t i o n 
o v e r f i n a l s t a t e s ( e . g , , c o u p l i n g s t r e n g t h , m a s s , i s o s p i n , 
s t r u c t u r e ) , M^j^:) (T) i s the number of e i g e n — f u n c t i o n s of 
t o t a l i s o s p i n T and t h i r d component T^, which can be b u i l t 
up w i t h - p a r t i c l e s of i s o s p i n ^ - p a r t i c l e s of i s o s p i n 1 , 
and 9 - p a r t i c l e s of i s o s p i n 3 / 2 , i s the number of 
p a r t i c l e s of s p i n S . , t h e p r o d u c t J T ! s t a n d s f o r t he 
i n d i s t i n g u i s h a b i l i t y of t h e p a r t i c l e s . V i s the volume of 
n o r m a l i z i n g box and P* (B, m^ mg, . . . . m^, p ) i s t h e phase 
space d e n s i t y of t h e f i n a l s t a t e g i v e n by 
jd^ oL^ 5 ( E 
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For t h e c a s e when the number of p a r t i c l e s i n t h e f i n a l s t a t e 
excfeeds t h r e e , the v a l u e of P* may be computed a c c o r d i n g 
43 t o t he p r o c e d u r e d e s c r i b e d by F . C e r u l u s and Hagedorn» 
The u n i t a r i t y and the i n v e r s e p r o c e s s w i l l l e a d t o 
some knowledge abou t S (E, » V^ja)* 
u n i t a r i t y of the S - m a t r i x the p r o b a b i l i t y of t h e i n v e r s e 
r e a c t i o n i s g i v e n by the same m a t r i x e l e m e n t s q u a r e d , t he 
o n l y d i f f e r e n c e b e i n g t h a t t he i n i t i a l and f i n a l s t a t e s a r e 
now i n t e r c h a n g e d . The f i n a l s t a t e of i n v e r s e r e a c t i o n i n 
w h i c h two p r o t o n s f l y o f f i s p u r e : no summation. We must 
a v e r a g e on t h e i n i t i a l s t a t e which i s a c o m p l i c a t e d m i x t u r e 
and S i s "by d e f i n i t i o n t h i s a v e r a g e , t h u s 
s C E J . - a ^ . • • • n ^ ) . . . . ( 1 6 ) 
Now f o r the i n v e r s e p r o c e s s t o o c c u r , the n p a r t i c l e s 
/ " c o n t a i n e d i n volume V_7 laust meet i n a s m a l l v o l i ^ of the 
o r d e r X L = 4 T^ ( 1 ( - ^ = 0 = 1 ) . Taking i n t o 
a c c o u n t the L o r e n t z c o n t r a c t i o n of t he o f f - f l y i n g two p r o t o n s , 
we g e t 
3 
. . - . c m 
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Then o b v i o u s l y each p a r t i c l e ( p i o n and n u c l e o n ) i s 
r e p r e s e n t e d i n S by a f a c t o r X L . 
V 
I f a d e u t e r o n i s t o a p p e a r i n t h e f i n a l s t a t e of the p r o p e r 
r e a e t i o n i t h e n i n t he i n v e r s e r e a c t i o n i t h a s t o combine 
o t h e r (n-1) p a r t i c l e s i n s i d e jQ. t o feLve two f l y i n g - o f f p r o t o n s . 
The p r o b a b i l i t y t h a t i t i s m o m e n t a r i l y c o n t a i n e d i n a volume 
Xi- i s g i v e n a s 
I TIO. 
and the d e u t e r o n i s r e p r e s e n t e d by 
hence ^ 
7V-1 
' t ^ r a v 
Thus i n s e r t i n g from e q . ( t 9 ) the v a l u e o f S i n r e l a t i o n 
we g e t the momentum spec t rum of d e u t e r o n s . Using H u l t h e n -
r ^ 1 1 
t ype wave f u n c t i o n w i t h h a r d c o r e f o r w h i c h , 
Hagedorn h a s found the r e s u l t s g i v e n i n T a b l e s 1 and 2 f o r 
25 GeV p«p c o l l i s i o n s . 
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TABI£ 1 
R e l a t i v e C r o s s - s e c t i o n s f o r d e u t e r o n p r o d u c t i o n i n 
p u r e p - p c o l l i s i o n s . 
2 , 3 GeV. 25 GeV. 
i>te\. 
X l d = 1 
-Tld =1 1 
= 1 
5 
- f i d = 1 
TO 
0 . 0 1 2 5 
0.006 
0 . 0 0 7 2 
0 . 0 0 3 6 
0 . 0 2 4 
0.012 
10 
t o - 5 
cr: d -^ r r / 
- f i d « 1 
5 
-CLd = 1 
To 
1 . 7 3 n o t c a l c u l a t e d 
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TAB I® 2 
The d ( d e u t e r o n / p r o t o n ) r a t i o s i n t he l a b sys tem a t 
P 
15,9® i n p~p c o l l i s i o n s w i t h 25 GeV p r i m a r y e n e r g y : 
Momentum of d Xid® ^ d = a x p e r i m e n ^ 
and p i n Gev/c 5 10 p-Al 
2 0 . 0 0 2 % O.OOt % a p p r o x i m a t e l y 
4 0.656 0#336 e o n s t a n t , 2 % 
' 6 2»83{ be tween 2 , 6 and 
8 7.856 3,9S6 5 . 5 GeV/c . 
10 8.236 4.136 
The c a l c u l a t e d and e x p e r i m e n t a l r e s u l t s a r e n o t i n v e r y 
good agreement w i t h e a c h o t h e r . 
2) Model P r o p o s e d by Narayan and Sharma: 
The model p r o p o s e d by Narayan and Sharma^^ i s b a s e d 
on the i n t e r p r e t a t i o n of h i g h e n e r g y c o l l i s i o n s i n t e r m s of 
the c o m p o s i t e c o l l i s i o n s o f t h e i n c i d e n t n u c l e o n w i t h some 
of t h e n u c l e o n s of t he t a r g e t n u c l e u s . A c c o r d i n g t o some 
a u t h o r s t h e i d e a of s u c c e s s i v e c o l l i s i o n s of t he p r i m a r y 
n u c l e o n w i t h o t h e r n u c l e o n s of t h e t a r g e t i s n o t v e r y 
23i 
m e a n i n g f u l a t v e r y h igh e n e r g i e s of t h e p r imary n u c l e o n 
9 
(Ejj 5 X 10 e V ) . Thus t h e a u t h o r s of t he model have 
ba sed t h e i r c a l c u l a t i o n s on t h e i d e a of t he c o m p o s i t e 
c o l l i s i o n . Under such a n a s s u m p t i o n of compos i t e c o l l i s i o n s , 
t he p r i m a r y n u c l e o n w i l l i n t e r a c t w i t h two or more n u c l e o n s A r 2 l y i n g i n a tube of c r o s s - s e c t i o n 7T( ^ ) i n s i d e 
t h e n u c l e u s . As a r e s u l t of such a c o l l i s i o n , tiie p r i m a r y 
n u c l e o n and the compound of s t r u c k n u c l e o n s b o t h go i n t o 
e x c i t e d s t a t e s i n which the v e l o c i t i e s a r e r e d u c e d and t h e 
r e s t m a s s e s i n c r e a s e d . I n t h e f i n a l s t a t e the e x c i t e d 
s y s t e m s decay to g i v e ix -mesons and o t h e r s e c o n d a r y p a r t i c l e s . 
The e x c i t e d compound of s t r u c k n u c l e o n s can a l s o g i v e t h e 
bound s y s t e m s of n u c l e o n s such a s d e u t e r o n s , t r i t o n s , and 
f 
He^ n u c l e i i n a d d i t i o n to Tr*-®esons and o t h e r s e c o n d a r y 
p a r t i c l e s a s the decay p r o d u c t s . The d e u t e r o n s i f fo rmed 
by t h i s p r o c e s s can have v e r y h igh e n e r g i e s (of t h e o r d e r 
of s e v e r a l CreV). The e x p r e s s i o n s f o r the f r e q u e n c y of 
" p r o t o n s , d e u t e r o n s , and t r i t o n s of momentum K e m i t t e d a t 
an ang l e © have been o b t a i n e d by the a u t h o r s of t he m o d e l . 
They have a l s o c a l c u l a t e d t he r a t i o s of d f o r p l a t i n u m and 
P 
a luminium a t 0 =» 16® f o r c e r t a i n c h o i c e s o f t he p a r a m e t e r s 
i n t h e i r e x p r e s s i o n s . The c a l c u l a t e d r a t i o s of d have been 
P 
compared by them w i t h the e x p e r i m e n t a l v a l u e s o f G, Cocconi^^ 
and the r e s u l t s a r e found i n good ag reemen t a s r e g a r d s the 
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o r d e r of the m a g n i t u d e f o r some cho i ' ces of t h e p a r a m e t e r s . 
The b a s i c a s s u m p t i o n i n the model of t h e c o m p o s i t e 
c o l l i s i o n s i s q u i t e a r b i t r a r y and r e q u i r e s f o r i t s j u s t i f i -
c a t i o n same more d e t a i l s . To c o n c l u d e , i t may be s a i d t h a t 
t o r e l y upon t h i s m o d e l , a more d e t a i l e d s tudy i s n e e d e d t o 
j u s t i f y the b a s i c a s s u m p t i o n . I f t h e d e t a i l e d e x p e r i m e n t a l 
s t u d i e s on t h e p r o d u c t i o n of d e u t e r o n s a t v a r i o u s a n g l e s and 
o v e r a wide r ange of momenta a r e found to show t h e e x i s t e n c e 
of such c o m p o s i t e c o l l i s i o n s , t h i s w i l l be a n i n t e r e s t i n g 
r e s u l t • 
3 ) P o s s i b i l i t y of D e u t e r o n P r o d u c t i o n by A b s o r p t i o n of 
TT HBsesons. 
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I Yas iB h a s e3q) l a ined the e m i s s i o n of t r i t o n s and 
He^ i n h i g h e n e r g y n u c l e a r d i s i n t e g r a t i o n s by a / Y - m e s o n 
a b s o r p t i o n p r o c e s s . A c c o r d i n g to t h i s p r o c e s s the jx - j n e s o n s 
which a r e c r e a t e d d u r i n g t h e c a s c a d e p r o c e s s i n the n u c l e u s 
may be a b s o r b e d by the He^ c l u s t e r s p r e s e n t n e a r t he s u r f a c e 3 
a n d g i v e r i s e t o t r i t o n s and Hew He h a s s u i m i s e d t h a t t h e 
d e u t e r o n p r o d u c t i o n can a l s o be e x p l a i n e d on t h i s m o d e l . But 
i t may be remarked h e r e t h a t no c a l c u l a t i o n h a s y e t b e e n 
worked ou t f o r the p r o d u c t i o n of d e u t e r o n s by t h i s p r o c e s s . 
CHAPTER I I 
jSXFERIMBNTAL TEGHHIQUE 
a ) D e t a i l s of the S t a c k ; 
The s t a c k which h a s b e e n used f o r the p r e s e n t i n v e s t i -
g a t i o n c o n s i s t s of 15 p e l l i c l e s of e m u l s i o n of s i z e 
2© cm X 10 cm X 600 A* Tl^e e x p o s u r e was made a t t h e CEHN. 
P r o t o n S y n c h r o t r o n . The a v e r a g e e n e r g y of the beam p r o t o n s 
was 25 .7 GeV, 
b ) S c a n n i n g P r o c e d u r e and S e l e c t i o n C r i t e r i a ; 
The measu remen t s have been made u s i n g M 4000 s e r i e s 
C o o k e ' s M i c r o s c o p e . The s t a g e n o i s e h a s been f o u n d by 
making s c a t t e r i n g measu remen t s on n e a r l y 30 beam t r a c k s by 
c o n s t a n t c e l l s i z e method f o r 100 m c e l l s i z e . I t i s f o u n d 
t o be n e a r l y 0 . 1 /a J 100 >u. T h i s v a l u e of the s t a g e n o i s e 
h a s been u s e d t o e s t i m a t e t h e t r u e s i g n a l i n the s c a t t e r i n g 
m e a s u r e m e n t s . 
The a r e a s c a n n i n g h a s b e e n done on t h e t h r e e m i d d l e 
p l a t e s o f the s t a c k . The m i d d l e p l a t e s have been chosen s o 
t h a t t he e v e n t s i n t h e s e p l a t e s may be f o l l o w e d to l o n g e r 
d i s t a n c e s and t h e s c a t t e r i n g m e a s u r e m e n t s be made on g r e a t e r 
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p a t h l e n g t h s . 
The scanned e v e n t s have been c l a s s i f i e d i n t o two 
g r o u p s a c c o r d i n g t o t h e number of b l a c k , grey and shower 
t r a c k s i n t he s t a r s . The t r a c k s a r e c l a s s i f i e d a s shower , 
g r e y and felack a c c o r d i n g t o t h e i r i o n i z a t i o n . The t r a c k s 
go 
h a v i n g i o n i z a t i o n g (Fowler and P e r k i n s p a r a m e t e r ) l e s s 
t h a n 1 . 5 t i m e s the p l a t e a u i o n i z a t i o n g^ h a s been c l a s s i f i e d 
a s shower t r a c k s wh i l e t h e r a n g e s of the i o n i z a t i o n ^ -
^ g ^ 19 ^0 ^ ^ to g r e ^ b l a c k 
t r a c k s , r e s p e c t i v e l y . The number of b l a c k and g rey t r a c k s 
i n a s t a r w i l l , f rom now onwards , be r e p r e s e n t e d by Nj^  w h i l e 
n^ w i l l r e p r e s e n t the number of shower p a r t i c l e s . 
With the above d e f i n i t i o n s of N^ and n , s t a r s have h s 
b e e n c l a s s i f i e d i n t o two g r o u p s . The f i r s t g roup c o n s i s t s of 
s t a r s h a v i n g Nj^  l e s s t h a n e i g h t w h i l e f o r the second group of 
s t a r s t he v a l u e of Nj^  i s g r e a t e r t h a n or e q u a l t o e i g h t . The 
c l a s s i f i c a t i o n h a s been done to o b t a i n a sample o f i n t e r -
a c t i o n s w i t h the heavy and l i g h t n u c l e i i n e m u l s i o n . The 
g r o u p ©f s t a r s h a v i n g ^h ^ ® m a i n l y c o n s i s t s of i n t e r a c t i o n s 
w i t h t h e heavy n u c l e i of t h e e m u l s i o n . 
The measu remen t s have been made on g r e y and b l a c k 
t r a c k s . To f a c i l i t a t e t h e m e a s u r e m e n t s , on ly t h e t r a c k s 
0 
h a v i n g d i p a n g l e s l e s s t h a n 20 i n t h e u n p r o c e s s e d e m u l s i o n 
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have been s e l e c t e d . I n o r d e r to e v a l u a t e t he d i p a n g l e s i n 
u n p r o c e s s e d e m u l s i o n s the s h r i n k a g e f a c t o r of the e m u l s i o n 
p e l l i c l e s h a s been d e t e r m i n e d a t the t ime of e v e r y measurement 
The f r e q u e n t d e t e r m i n a t i o n of t h e s h r i n k a g e f a c t o r was found 
t o be n e c e s s a r y b e c a u s e i t s v a l u e changes c o n s i d e r a b l y w i t h 
t he h u m i d i t y which was a n u n c o n t r o l l e d f a c t o r i n ou r 
l a b o r a t o r y . F u r t h e r t h e t r a c k s h a v i n g a minimum r a n g e of 
2 mm, have been s e l e c t e d f o r m e a s u r e m e n t s . Th i s s e l e c t i o n 
c r i t e r i o n e x c l u d e s a l a r g e number of e v a p o r a t i o n p a r t i c l e s 
whose s t udy does not form a p a r t of the p r e s e n t i n v e s t i g a t i o n . 
For each s e l e c t e d t r a c k t h e a n g l e of e m i s s i o n w i t h 
r e s p e c t t o the p r i m a r y h a s been d e t e r m i n e d by m e a s u r i n g the 
a n g l e s of d i p w i t h r e s p e c t to t he p l a n e of the e m u l s i o n and 
t h e a n g l e of p r o j e c t i o n of the s e c o n d a r y t r a c k s w i t h r e s p e c t 
t o t h e p r i m a r y . 
c ) Measurements ; 
c » 1 ) Methods of m e a s u r e m e n t s ; 
The v a r i o u s measuraaaents which have been p e r f o r m e d on 
t h e s e l e c t e d t r a c k s a r e : -
t . Range. 
S c a t t e r i n g , 
i ) cons t s in t c e l l s i z e m e t h o d , 
i i ) c o n s t a n t s a g i t t a m e t h o d . 
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3 . l o n i z s a t i o n . 
4» I n t e g r a t e d 5 - r a y d e n s i t y . 
1 , Range Measu remen t s ; 
The range of a p a r t i c l e i s d e f i n e d a s t h e d i s t a n c e 
f rom t h e p o i n t of measurement t o t h e p o i n t where t h e p a r t i c l e 
s t o p s . Th i s i s a l s o c a l l e d a s r e s i d u a l r a n g e . 
The p r o j e c t e d r a n g e of the p a r t i c l e i s m e a s u r e d w i t h 
the h e l p of x - y m o t i o n s of the m i c r o s c o p e s t a g e w h i l e the 
t r u e r a n g e i s d e t e r m i n e d a f t e r making t h e d i p c o r r e c t i o n s . 
* 
Hange Energy R e l a t i o n ; 
For a rough c a l c u l a t i o n a number of e m p i r i c a l power 
law r e l a t i o n s have been p r o p o s e d . T h e s e r e l a t i o n s , 
however , can n o t be u s e d f o r p r e c i s e c a l c u l a t i o n s b e c a u s e i n 
t h e s e power law r e l a t i o n s , n e i t h e r t h e c o e f f i c i e n t of 
p r o p o r t i o n a l i t y noi* t h e exponen t i s c o n s t a n t w i t h e n e r g y . 
The w i d e l y employed r a n g e ene rgy r e l a t i o n f o r p r o t o n s 
i s g i v e n by H. B radne r e t a l , ^ ^ a s : 
o- 5-81 
E p r r R p . . . . (20 ) 
where Ep and Rp a r e t h e e n e r g y and the r a n g e of the p r o t o n 
r e s p e c t i v e l y . The r a n g e energy r e l a t i o n when once f o u n d f o r 
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a p a r t i c l e of mass nip and c h a r g e e , can t h e n be deduced f o r 
o-ther p a r t i c l e s . For s i n g l y c h a r g e d p a r t i c l e , i f the power 
l a v i s e x p r e s s e d a s E = kR*^  and i f v a l u e s of k and n a r e 
known f o r ©ne p a r t i c l e , the r e l a t i o n can e a s i l y be e x t e n d e d 
f o r o t h e r s i n g l y cha rged p a r t i c l e s a s f o l l o w s : I f we w r i t e 
M ss m where m i s t h e mass of known p a r t i c l e s a y p r o t o n , 
% ' 
i t e a s i l y f o l l o w s t h a t 
^ ^ ^ i M R ^ . . . . ( 21 ) 
For m u l t i p l y - c h a r g e d p a r t i c l e t h e r e l a t i o n ( 2 1 ) i s m o d i f i e d 
a s 
= i M X 
For p r e c i s e c a l c u l a t i o n one s h o u l d use the r a n g e 
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e n e r g y r e l a t i o n of Be the e t a l . w i t h c o r r e c t i o n s f o r the 
low e n e r g y s i d e . Any c h a r g e d p a r t i c l e p a s s i n g t h r o u g h m a t t e r 
l o s e s e n e r g y i n a t o m i c c e l l i s i o n s i n i t s p a t h . The w e l l 
known f o r m u l a of Be t h e , ^ ^ f o r t he e n e r g y l o s s of a c h a r g e d 
p a r t i c l e moving i n a s i n g l e s u b s t a n c e can be m o d i f i e d t o g i v e 
30i 
t h e f o r m u l a f o r e m u l s i o n s a s 
4-
e 1 
f T - i ] j . . . . ( 2 3 : > 
where - ^ N.Z. and N^ log^ = ^ H.Z. l o g ^ w i t h 
N^ the d e n s i t y i n e m u l s i o n of atoms of a t o m i c numbers Z^ and 
i o n i z a t i o n p o t e n t i a l I ^ , and ^ C^ i s t h e c o r r e c t i o n term due 
t o b i n d i n g energy a r i s i n g f rom the n o n - p a r t i c i p a t i o n of the 
t i g h t l y bound e l e c t r o n s and S i s t h e d e n s i t y • c o r r e c t i o n 
KA 
t e r m , B a r k a s h a s p r e p a r e d t h e t a b l e s f o r Range-Snergy 
u p t o a minimum of 1 MeV f o r p r o t o n s w i t h the a p p r o p r i a t e 
c o r r e c t i o n s . I n t he p r e s e n t i n v e s t i g a t i o n t h e s e t a b l e s have 
been employed f o r the e n e r g y d e t e r m i n a t i o n s f rom the 
measu red r a n g e s . 
Fo r e n e r g i e s below 1 MeV, Ba rkas h a s g i v e n the B o h r -
Si G e i g e r r e l a t i o n f o r s t a n d a r d G^- e m u l s i o n i n t h e f o m 
o — o • O O O G 4 - 0 0 0 1 3 8 & O w - ^^^^ ^24) 
2« S c a t t e r i n g Measurements ; 
i ) C o n s t a n t c e l l method; 
A c h a r g e d p a r t i c l e p a s s i n g t h r o u g h m a t t e r s u f f e r s 
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s u c c e s s i v e d e v i a t i o n s i n i t s p a t h due to Coulomb i n t e r a c t i o n s 
w i t h t h e a t o m i c e l e c t r i c f i e j l d s . These s u c c e s s i v e d e v i a t i o n s 
c o n s t i t u t e the m u l t i p l e s c a t t e r i n g . The i n t e r a c t i o n s depend 
on the c h a r g e , v e l o c i t y and uiomentum of the p a r t i c l e . The 
f o l l o w i n g t h r e e a s p e c t s a r e i n v o l v e d i n the problem of 
m u l t i p l e s c a t t e r i n g : 
i ) The c a l c u l a t i o n o f the d i f f e r e n t i a l c r o s s - s e c t i o n f o r 
s i n g l e s c a t t e r i n g . 
i i ) The s t a t i s t i c a l c o m b i n a t i o n of s u c c e s s i v e s i n g l e e v e n t s 
i n o r d e r t o o b t a i n a d i s t r i b u t i o n f u n c t i o n g i v i n g t h e p r o b a -
b i l i s t i c d i s t r i b u t i o n of t h e a n g u l a r d e v i a t i o n s , 
i i i ) The i n t e r p r e t a t i o n of the measu remen t s on t h e a v a i l a b l e 
sample on t h e b a s i s of the t h e o r e t i c a l d i s t r i b u t i o n f u n c t i o n . 
S l i g h t l y d i f f e r e n t d i s t r i b u t i o n f u n c t i o n s have been 
Cp cc cp 
o b t a i n e d by v a r i o u s w o r k e r s , " H o l i e r ' s f o r m u l a i s 
found t o be a ve ry u s e f u l a p p r o x i m a t i o n f o r c a l c u l a t i n g t h e 
m u l t i p l e s c a t t e r i n g . 
The t h e o r y of s c a t t e r i n g r e p r e s e n t s t h e mean a n g u l a r 
d e v i a t i o n i n t e r m s of t he c e l l l e n g t h . The c e l l l e n g t h i s 
t h e r e g u l a r i n t e r v a l of l e n g t h a t which the d e v i a t i o n s a r e 
m e a s u r e d . The a n g u l a r d e v i a t i o n i s g iven by 
32i 
where , 
K i s t he s c a t t e r i n g c o n s t a n t 
t i s t he c e l l l e n g t h 
and pp i s the momentum t i m e s t h e v e l o c i t y of t h e p a r t i c l e . 
For the e x p e r i m e n t a l d e t e r m i n a t i o n of ^ i n an i d e a l 
c a s e the a n g l e s should be measured a t s u c c e s s i v e i n t e r v a l s of 
c e l l l e n g t h t along the t r a j e c t o r y of the p a r t i c l e , and the 
d i f f e r e n c e of t h e s e s u c c e s s i v e a n g l e s w i l l then g ive the 
d e v i a t i o n s . This a n g u l a r method i s , however, t e d i o u s i n 
•SS 
p r a c t i c e and the c o ~ o r d i n a t e method of F o w l e r ' h a s s u p e r s e d e d 
i t excep t when the a v a i l a b l e t r a c k l e n g t h i s sma l l , ©r the 
p a r t i c l e i s s t r o n g l y s c a t t e r e d . 
Accord ing to the c o - o r d i n a t e me thod , i f the t r a c k i s 
a l i g n e d s a y , a l o n g the x - d i r e c t i o n of m o t i o n , t h e n the mean 
a n g u l a r d e v i a t i o n ^ i s measured i n t e m s of the mean o f the 
s econd d i f f e r e n c e s of the y - c o ^ t o r d i n a t e s r e a d a t e q u a l 
i n t e r v a l s of l e n g t h t . The i t h , v a l u e of t h e second 
d i f f e r e n c e s D^^ i s g iven by 
- (y i+ 1 -2y . + y. ^^ ) 
and i f D i s the mean v a l u e o f t h e s e d i f f e r e n c e s t h e n 
I S O ^ ^ 
t rr 0 
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and i s g iven by 
100 t " " TT ^ t r (26 ) 
The v a l u e of |p|2> i s c a l c u l a t e d by t h e r e l a t i o n 
. . . . (27 ) 
where K i s t he s c a t t e r i n g c o n s t a n t and i t v a r i e s s l i g h t l y 
w i t h the e n e r g y of the p a r t i c l e and t h e c e l l l e n g t h c h o s e n . 
I f p3> i s t a k e n i n MeV/c t h e n i n t h e c a s e of s i n g l y c h a r g e d 
p a r t i c l e s f o r c e l l s i z e of 100 /U and p , = 0 . 5 i t s a p p r o x i m a t e 
v a l u e i s 2 6 . 
While d e t e r m i n i n g t h e v a l u e of D, a c o r r e c t i o n h a s t o 
be a p p l i e d f o r o c c a s i o n a l l a r g e d e f l e c t i o n s due t o s i n g l e 
s c a t t e r i n g s . For t h i s , a l l t h e v a l u e s o f D g r e a t e r t h a n 4 D 
a r e r e p l a c e d by 4 D» T h i s r e p l a c e m e n t method h a s the 
a d v a n t a g e of r e t a i n i n g more o r i g i n a l i n f o r m a t i o n o v e r t h a t of 
a " c u t - o f f " p r o c e d u r e i n which a l l v a l u e s of D g r e a t e r t h a n 
4 D were c o m p l e t e l y removed. 
E r r o r s and t h e i r e l i m i n a t i o n ; 
The measurement of D s u f f e r s from many e r r o r s ? i ) Read-
i n g e r r o r s or g r a i n n o i s e a r i s i n g due to n o n - s y m m e t r i c a l 
35 
p r o c e d u r e i s r e f e r r e d t o a s c o n s t a n t s a g i t t a method and was 
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g i v e n f i r s t by H o l t e b e k k e t a l , f o r ©< - p a r t i c l e s and l a t e r 
e x t e n d e d by Biswas e t a l . ^ ^ and D i l w o r t h e t a l , ^ ® f o r o t h e r 
p a r t i c l e s . 
Any v a r y i n g c e l l s i z e scheme f o r a g i v e n c o n s t a n t 
v a l u e of D can be a d o p t e d f o r u s e . To p r e p a r e a scheme f o r 
a p r o t o n we can make u s e of the a p p r o x i m a t e r a n g e - e n e r g y 
r e l a t i o n 
L'lG 0-A2 0'S8 
H 0-251 ^ M J? 
. . . . ( 29 ) 
where the v a l u e s of the c o n s t a n t s k and n / ~ k = 0*251 » 
4€> 
n = 0 ,581_y o f t he e m p i r i c a l r e l a t i o n (22) a r e o f B r a d n e r e t a: 
From the m u l t i p l e s c a t t e r i n g m e a s u r e m e n t s , the 
s c a t t e r i n g p a r a m e t e r oC i s g i v e n by 
KZ / t7 
- ( t o ^ ) . . . . (30) 
Thus , 
I n t he n o n - r e l a t i v i s t i c a p p r o x i m a t i o n = 2E, 
' ' . . . . (31) 
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From (31) the mean of the second d i f f e r e n c e s D i s , t h e n , 
g i v e n "by 
(32) 
- o < 2 V 9 
For c o n s t a n t v a l u e of D, t i s given by 
V2 O'S-8 0-4-2. 
t K M . . . » (33 ) 
From e q . ( 3 3 ) the p l o t o f l o g t v e r s u s l o g R w i l l g i v e 
p a r a l l e l l i n e s f o r p a r t i c l e s of d i f f e r e n t m a s s e s and c h a r g e s . 
For a p a r t i c u l a r v a l u e of D, s e l e c t i n g any one of t h e l i n e s , 
we can g e t t h e c o r r e s p o n d i n g v a l u e s of R and t » The 
schemes f o r many v a l u e s ©f D f o r example D « ©•5» 1 e t c * have 
been o b t a i n e d and t a b u l a t e d by Fay e t a l . ^ ^ 
I f the s c a t t e r i n g m e a s u r e m e n t s a r e done f o r an unknown 
p a r t i c l e on any scheme of a known p a r t i c l e , i t e a s i l y f o l l o w s 
t h a t 
~ 2-2'7C 0 - 3 8 1 
M 
VJT/ V ^z. y (34) 
where t h e s u b s c r i p t K s t a n d s f o r t h e unknown p a r t i c l e . 
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Making t h e c o r r e c t i o n f o r t h e d i p Q of t h e t r a c k i n 
t h e u n p r o c e s s e d e m u l s i o n one g e t s 
— 2 - 2 2 1 0 - ^ 8 1 
M ^ { M { s ^ - e ) . . . . ( 3 5 ) 
Mn 
3 . I on i z a t i on t 
The i o n i z a t i o n i s a p a r a m e t e r which can be d e t e r m i n e d 
more p r e c i s e l y and r e l i a b l y a s compared w i t h t h e s c a t t e r i n g 
m e a s u r e m e n t s . The d e n s i t y of the d e v e l o p e d g r a i n s i s a f u n c -
t i o n of c h a r g e and v e l o c i t y of t h e p a r t i c l e . At compara -
t i v e l y h i g h e r v e l o c i t i e s the g r a i n s a r e w e l l s e p a r a t e d aiad 
i t i s e a s y to count them. One may t h e n a d o p t a c o n v e n t i o n 
t o count t h e i r number p e r u n i t l e n g t h and c a l l i t the i o n i z a -
t i o n . S i n c e the d e g r e e of deve lopment s e r i o u s l y a f f e c t s t h i s 
number , t he i o n i z a t i o n i s n o r m a l i s e d by d i v i d i n g i t w i t h the 
c o r r e s p o n d i n g p a r a m e t e r g^ of a r e l a t i v i s t i c t r a c k . The 
n o r m a l i s e d g r a i n d e n s i t y , g , t h u s o b t a i n e d , i s a r e l i a b l e 
p a r a m e t e r f o r i o n i z a t i o n m e a s u r e m e n t s p r o v i d e d t h e e n e r g y of 
the p a r t i c l e i s h i ^ . 
I n the c a s e o f s h o r t t r a c k s f o r which t h e e n e r g y l o s s e s 
a r e h i g h , t h e g r a i n s a r e c l o g g e d a t v a r i o u s p o i n t s a l o n g the 
t r a c k and form b l o b s . I n such a s i t u a t i o n one may e i t h e r 
count t he number o f g r a i n s i n the b l o b by a v i s u a l e s t i m a t e or 
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d e t e r m i n e i t by m e a s u r i n g the l e n g t h of t h e b l o b and d i a m e t e r 
of a g r a i n . The c l o g g i n g of t h e g r a i n s becomes more s e r i o m s 
when the i o n i z a t i o n a p p r o a c h e s t e n t i m e s i t s minimum v a l u e 
and the c o u n t i n g of t he g r a i n s i n a b l o b t h e n becomes a 
f u n c t i o n of p e r s o n a l e r r o r and o p t i c a l c c n d i l i o n s . 
Blob and Gap Method; 
t 52 
This me thod , f i r s t i n t r o d u c e d by 0 C e a l l a i g h and 
g-z 
l a t e r on e x t e n d e d by Fowler and P e r k i n s , i s an i m p o r t a n t 
advancement i n the t e c h n i q u e of i o n i z a t i o n m e a s u r e m e n t s . I t 
i s b a s e d upon the f a c t t h a t the gap l e n g t h d i s t r i b u t i o n i s 
e x p o n e n t i a l and may be w r i t t e n a s 
H ( D B e . . . . (36) 
where H ( l ) r e p r e s e n t s the d e n s i t y o f gaps of l e n g t h g r e a t e r 
than 1 and B i s the b l o b d e n s i t y . The c o n s t a n t o f t i e 
e x p o n e n t i a l g i s more or l e s s i d e p e n d e n t of t h e mean g r a i n 
s i z e and i s , t h e r e f o r e , a good p a r a m e t e r f o r t he measurement 
o f the i o n i z a t i o n . I f H^ and H^ be r e s p e c t i v e l y , t h e numbers 
of gaps o f l e n g t h s g r e a t e r t h a n and t h e n t h e i o n i z a t i o n 
a l o n g a t r a c k i s g i v e n by t h e e x p r e s s i o n 
^ ^ 1 , - 1 ( 3 7 ) 
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bowler and p e r k i H ^ s ^ ^ have a l s o found an e m p i r i c a l r e l a t i o n 
B - ^ ^ . . . . ( 38 ) 
where oC i s a c o n s t a n t d e p e n d i n g l a r g e l y on the d e v e l o p e d 
g r a i n s i z e and i s a l m o s t i n d e p e n d e n t of t he o p t i c a l c o n d i t i o n s 
o f t he m i c r o s c o p e and the c o n v e n t i o n employed by a n o b s e r v e r . 
The p r o c e d u r e a d o p t e d f o r the measurement of i o n i z a -
t i o n may be summarized a s f o l l o w s : -
(1 ) The b l o b and gap m e a s u r e m e n t s a r e p e r f o r m e d on a number 
o f t r a c k s t h r o u g h o u t the d e p t h of the e m u l s i o n and t h e a v e r a g e 
v a l u e of o< i s t h e n d e t e n n i n e d by msijag t h e r e l a t i o n s (36 ) and 
( 3 8 ) . For ou r s t a c k the a v e r a g e v a l u e of comes ou t to be 
0»64 w i t h o n l y a v e i y l i t t l e v a r i a t i o n w i t h t h e d e p t h of the 
e m u l s i o n and t h e c a s u a l v a r i a t i o n s i n t he d e v e l o p m e n t f rom one 
p e l l i c l e to a n o t h e r , 
(2 ) For l i g h t l y i o n i z i n g p a r t i c l e s h a v i n g g o C < 0 » 3 5 , t h e 
v a l u e of g shou ld be d e t e r m i n e d by c o u n t i n g t h e t o t a l number 
of b l o b s a lone and u s i n g the r e l a t i o n ( 3 8 ) . S i n c e t h e 
p r o p o r t i o n of d e v e l o p e d g r a i n s which a r e c l o s e t o each o t h e r 
i s s m a l l , the o p t i c a l c o n d i t i o n s and t h e v a r i a t i o n s i n the 
deve lopment , i f a n y , have a l m o s t no e f f e c t i n the i o n i z a t i o n 
e s t i m a t e s t h u s made. 
( 3 ) Vhen go< > 0 .35» g i s tq/be d e t e r m i n e d by c o u n t i n g b o t h 
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b l o b s a s w e l l a s the g a p s . The number of b l o b s c o u n t e d must 
be a b o u t f o u r t i m e s the number o f g a p s . The most a p p r o p r i a t e 
T a l u e of t h e g a p l e n g t h 1 , i s o b t a i n e d f rom I g 2 , 5 , 
(4) Us ing t h e r e l a t i o n ( 3 8 ) , the v a l u e of g^ i s t h e n d e t e r m i n e d 
by b l o b c o u n t s a l one on r e l a t i v i s t i c t r a c k s l o c a t e d i n the 
same r e g i o n of e m u l s i o n s where i o n i z a t i o n m e a s u r e m e n t s a r e 
r e q u i r e d . 
The s t a t i s t i c a l e r r o r s i n t h e i o n i z a t i o n e s t i m a t e s a r e 
g i v e n by \ 
when b l o b and gap method i s u s e d ; 
o r by — ^ when b l o b c o u n t s a l o n e a r e u s e d , where 
N„ i s the t o t a l number of g a p s and N-d i s t h e t o t a l number o f M x> 
b l o b s . 
4* I n t e g r a t f e c t ^ - r a y d e i i s i t y t 
When the e n e r g y of a n i o n i z e d e l e c t r o n i s s u f f i c i e n t 
t o g ive r i s e t o a r e c o g n i s a b l e t r a c k , the t r a c k i s c a l l e d a 
5 - r a y , A t r a c k i s g e n e r a l l y r e c o g n i s a b l e i f i t h a s f o u r or 
more g r a i n s . One may a l s o c a l l a c h a i n of g r a i n s h a v i n g a 
p r o j e c t e d l e n g t h of a t l e a s t . 1 , 5 8 / U f rom t h e a x i s of a t r a c k , 
a s a 5 - r a y , ^ ^ The S - r a y d e n s i t y i ' » e , , the n o , of ^ ^ - r a y s 
p e r u n i t t r a c k l e n g t h d e p e n d s on th e c o n v e n t i o n a d o p t e d and 
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a l s o on the c h a r g e and v e l o c i t y of the mo-sing p a r t i c l e , I f i ) 
r e p r e s e n t s the S - r a y d e n s i t y f o r a s i n g l y c h a r g e d p a r t i c l e 
h a v i n g a v e l o c i t y , t h e n f o r o t h e r p a r t i c l e s t h e d e n s i t y 
n^ i s g iven by 
2 
^ (39) 
* 2 
where ^ i s t h e mean s q u a r e e f f e c t i v e c h a r g e f o r ,^ - . rays 
p r o d u e t i o n . 
The t o t a l n o . of - r a y s over t h e v e l o c i t y i n t e r v a l 
0 t o p c i s g i v e n by 
== . . . . ( 4 0 ) o 
w h e r e , R i s t h e r a n g e of t h e p a r t i c l e h a v i n g v e l o c i t y 
I f the d i f f e r e n t i a l segment olA of t he p r o t o n p a t h 
c o r r e s p o n d s t o t h e v e l o c i t y i n t e r v a l of segment dR ^ t h e n 
^^ - ( - f r . . . . (41) 
where M i s the p a r t i c l e mass i n u n i t s of p r o t o n mass and 
^ i s the mean s q u a r e e f f e c t i v e c h a r g e f o r e n e r g y l o s s . 
T h e r e f o r e , 
N g = M J ^ . . . . ( 42 ) 
42 
»2 
As i s n e a r l y 1 , we g e t 
* * 2 
( a p p r o x ' . ) . . . . (/!3) 
To c a l c u l a t e , Barkas^'^ h a s made u s e ©f t h e w e l l known 
f o r m u l a f o r d i f f e r e n t i a l c r o s s - s e c t i o n g i v e n by Bhabha^^ a s 
( f ! ^ d h - — . . . . ( 4 4 ) 
VdE / f6 ^ '-Vvtfw / 
w h e r e , ^ c - i s the p a r t i c l e v e l o c i t y , 
m i s t h e e l e c t r o n m a s s , 
2 
To =B e , — 
mo 
E = e n e r g y of the k n o c k - o n e l e c t r o n s , 
EL = maximum t r a n s f e r a b l e e n e r g y t o t he e l e c t r o n , max 
T a b l e 3 h a s been p r e p a r e d by Barkas^^ f o r 5 « - r a y d e n s i t y a s 
w e l l a s f o r tiie i n t e g r a l n o . o f ^ - r a y s , u s i n g t h e c o n v e n t i o n 
6 6 
of Tidman, George , a n d H e r z . A c c o r d i n g to t h i s c o n v e n t i o n 
a g r a i n sequence i s c o u n t e d a s a - r a y o n l y when i t s 
p r o j e c t e d range on the p l a n e of t he e m u l s i o n e x c e e d s 1.58/to.. 
The i n t e g r a l [ g i v e s t h e t o t a l n o . of £ - r a y s f o r 
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TABLE 3 
THIS DELTA ^ RAY DENSITY AND 
ITS INTEGRAL 
>v(cm) A(cm) 
100 X 10"'^ 0 0«G0 4 41 233 
200 2 0 . 0 1 5 35 271 
300 6 0 . 0 6 6 31 304 
400 13 0«15 7 29 334 
500 20 0 .31 8 27 362 
600 34 0 .61 9 26 389 
700 47 1 . 0 10 25 415 
800 59" 1 . 6 11 25 440 
900 66 2 . 2 12 24 464 
1000 7 2 2 . 9 13 24 488 
1500 89 7 . 1 14 23 511 
2000 97 12 15 23 534 
2500 98 17 20 21 644 
3000 96 22 25 20 744 
3500 91 26 30 19 841 
4000 88 31 40 18 1026 
4500 85 35 50 17 1201 
5000 82 44 100 12 1926 
6000 78 52 200 11 3076 
7000 74 60 300 10 4126 
8000 7 0 67 400 10 5126 
9000 67 74 500 10 6126 
1 X 10° 65 81 1000 9 10876 
2 59 139 
3 47 189 
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pro ton* ; We have u s e d the g i v e n t a b l e f o r c a l c u l a t i n g t he 
i n t e g r a l no« of S - r a y s o v e r the c o r r e s p o n d i n g r a n g e s f o r 
d e u t e r o n s , t r i t o n s . He^, and He^ u s i n g r e l a t i o n ( 4 3 ) . The 
i l g , (1 ) i s a p l o t of i n t e g r a l n®. of S ~ r a y s v e r s u s r a n g e 
f o r the above p a r t i c l e s , 
C .2 ) D e t a i l s of measu remen t s ; 
A compromise amongst t h e a c c u r a c y , l a b o u r , and 
f a c i l i t i e s of m e a s u r e m e n t s i s i n e v i t a b l e i n making m e a s u r e -
m e n t s w i t h n u c l e a r e m u l s i o n s , a s w i t h o t h e r t echn iques® The 
a c c u r a c y , t h a t i s a p p r o r i a t e f o r t h e e x p e r i m e n t s i l p u r p o s e h a s 
been t r i e d to be a t t a i n e d , 
1 ) S c a t t e r i n g p a r a m e t e r u i 
I n , i e t e m i n i n g the s c a t t e r i n g p a r a m e t e r by the 
c o o r d i m a t e m e t h o d , t h e s c a t t e r i n g m e a s u r e m e n t s have been made 
u s i n g 100 m i c r o n c e l l s i z e . The m e a s u r e m e n t s have b e e n made 
over n e a r l y 100 c e l l s and t h e f o r m u l a (28 ) h a s been u s e d - t o 
e v a l u a t e a s i n g a v a l u e of ¥e have u s e d t h e v a l u e s 
100 M and 200 p. f o r G^ and r e s p e c t i v e l y . The s t a t i s t i c a l 
e r r o r i s g i v e n by 80 % where n i s t h e number of i n d e p e n -
o 
y r 
dent second d i f f e r e n c e s . The u n c e r t a i n t y i n t h e v a l u e o t <=< 
i s t h u s ^ 
\fariaUon of Met^ral vumier a/ S-raus t i f i f f i rar^e 
for d i j j e r e n t parades. ^ " 
RANGE «N 
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2) Mass ( C o n s t a n t s a g i t t a method){ 
For the measurement of mass by t h e c o n s t a n t s a g L t t a 
method, t h o p r o t o n schemes f o r D e q u a l to 0#5 A o r t have 
been u s e d , w i t h t h e e x c e p t i o n of 7^-. mesons which a r e e a s i l y 
d i s t i n g u i s h e d by the v a r i a t i o n of g r a i n d e n s i t y a l o n g t h e i r 
p a t h s . N e a r l y 40 c e l l s have been u s e d f o r measu remen t s f o r 
b o t h t h e schemes u s e d . The scheme f o r 5" e q u a l t o 0Z3 /x h a s 
g e n e r a l l y been u s e d f o r s h o r t e r t r a c k s . 
I o n i z a t i o n g*; 
The measurement of i o n i z a t L o b l o n g a t r a c k h a s been 
c a r r i e d ou t e i t h e r by b l o b c o u n t s a l o n e or b l o b and gap c o u n t s 
b o t h d e p e n d i n g upon t h e v a l u e of goc l e s s t h a n or g r e a t e r 
t h a n 0*331 r e s p e c t i v e l y . I n b l o b c o u n t s a l o n e n e a r l y 1000 
b l o b s have been c o u n t e d and t h e i o n i z a t i o n i s o b t a i n e d to an 
a c c u r a c y o f , a p p r o x i m a t e l y , 35^, I n making m e a s u r e m e n t s by 
b l o b and gap c o u n t s , n e a r l y 400 b l o b s have been c o u n t e d . The 
v a l u e o f 1 i s s e l e c t e d so t h a t t h e number o f g a p s i s n e a r l y 
one f o u r t h of the n o , of b l o b s . T h i s d e t e r m i n e s t h e i o n i z a -
t i o n g u p t o an a c c u r a c y o f , a p p r o x i m a t e l y , 8%, The v a l u e 
of g^ h a s b e e n f o u n d by b l o b c o u n t s a l o n e on t r a c k s of p r i m a r y 
p a r t i c l e s l o c a t e d i n t h e same r e g i o n of e m u l s i o n where 
i o n i z a t i o n m e a s u r e m e n t s a r e r e q u i r e d . The n o r m a l i s e d g r a i n 
44 
d e n s i t y g h a s been found by d i v i d i n g g w i t h c o r r e s p o n d i n g 
g ^ . H e n c e f o r t h , t h e word g r a i n d e n s i t y w i l l be r e f e r r e d t o 
t he n o r m a l i s e d g r a i n d e n s i t y g* 
S r a y s ; 
The i n t e g r a l n o . of S - r a y s h a s been c o u n t e d ove r a 
r a n g e of 2 mm. f o r s i n g l y c h a r g e d p a r t i c l e s and 0#8 mm» f o r 
doub ly cha rged p a r t i c l e s « The c o u n t i n g of S> - r a y s o v e r t h e s e 
r a n g e s g i v e s a good s e p a r a t i o n amongst t he s i n g l y and d o u b l y 
c h a r g e d p a r t i c l e s (RLg. 1 ) . The r e l i a b i l i t y of c ) - r a y 
measu remen t s h a s b e e n t e s t e d by c o u n t i n g t h e ^ - r a y s on 
i d e n t i f i e d t r a c k s , i l g , 2 i s a p l o t of ^ - r a y c o u n t s o v e r 
2 mm* r a n g e s of t h e t r a c k s due to p r o t o n s and d e u t e r o n s 
i d e n t i f i e d by the (g* - R) m e t h o d . The p l o t s due t o p r o t o n s 
and d e u t e r o n s a r e s e p a r a t e l y peaked a t ^ - r a y c o u n t s o f 
15 and 8»5- r e s p e c t i v e l y . The two p l o t s a r e f a i r l y r e s o l v e d 
and t h e o v e r l a p r e g i o n c o r r e s p o n d s t o o n l y <^15?^ of t h e t o t a l 
number o f e v e n t s . Th i s shows t h e r e l i a b i l i t y of the method 
w i t h t h e c o n v e n t i o n s a d o p t e d by u s . 
d ) I d e n t i f i c a t i o n of P a r t i c l e s s 
B e f o r e t h e a c t u a l i d e n t i f i c a t i o n , s i n g l y and m u l t i p l y 
cha rged p a r t i c l e s have been s e p a r a t e d . The v a r i a t i o n o f 
g r a i n d e n s i t i e s a l o n g t h e t r a c k s which v a r y a s t h e s q u a r e of 
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the c h a r g e of the p a r t i c l e s , e a s i l y s e p a r a t e s them i n t o two 
g r o u p s . The i d e n t i f i c a t i o n amongst- s i n ^ y c h a r g e d p a r t i c l e s 
h a s been d i s c u s s e d b e l o w . 
I d e n t i f i c a t i o n Amongst S i n g l y Charged P a r t i c l e s : 
i ) G r a i n d e n s i t y v e r s u s s c a t t e r i n g : 
The t r a c k s going, o u t of t h e s t a c k w i t h o u t showing an 
a p p r e c i a b l e change i n g r a i n d e n s i t y a l o n g them have been 
i d e n t i f i e d by g r a i n d e n s i t y - a n d s c a t t e r i n g m e a s u r e m e n t s . The 
two p a r a m e t e r s were d e t e r m i n e d a t the same p o i n t by t a k i n g 
the measuremen t s a s n e a r t o t h e s t a r p o i n t a s p o s s i b l e . 
S i n c e t h e g r a i n d e n s i t y f o r s i n g l y c h a r g e d p a r t i c l e i s a 
f u n c t i o n of i t s v e l o c i t y , t h e s c a t t e r i n g p a r a m e t e r cZ" a t 
eq .ual g r a i n d e n s i t y f o r two p a r t i c l e s o f m a s s e s M^ and H^ 
a r e i n the i n v e r s e r a t i ® of t h e i r m a s s e s . 
i . e iy 
M: 
(45) 
T h u s , i f we know the p l o t of c^ v e r s u s g f o r one p a r t i c l e , 
s ay p r o t o n , we can have s i m i l a r p l o t s f o r o t h e r p a r t i c l e s . 
H g . 3 i s a l o g - l o g p l o t of ^ v e r s u s g* f o r p r o t o n s , 
d e u t e r o n s , t r i t o n s , K-mesons and a l s o f o r doub ly c h a r g e d 
4 7 i 
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'Z J 
p a r t i c l e s He^ and He which h a s been p l o t t e d a f t e r t a k i n g 
•50 
p r o p e r aeeomnt of t h e i r c h a r g e s . B a r k a s ' s t a b l e h a s been 
used f o r p l o t t i n g the p r o t o n curre w h i l e the r e s t have been 
drawn from the d e r i v e d r e s u . l t s s 
When the e 3 q ) e r i m e n t a l v a l u e s of and g* a l o n g a 
t r a c k l i e w i t h i n s t a t i s t i c a l e r r o r s on a c u r v e , the p a r t i c l e 
i s s a i d t o be i d e n t i f i e d , 
i i ) G r a i n d e n s i t y v e r s u s range? 
For a c h a r g e d p a r t i c l e moving w i t h t he v e l o c i t y iJ: , 
u s i n g ene rgy l o s s f o r m u l a , one g e t s the r e l a t i o n 
•2. 
F C \ r ) = — ^ . . . . (46) 
whe re , F (V^ i s a f u n c t i o n of v e l o c i t y , ^ e the c h a r g e , M the 
mass and R i s the r a n g e of the p a r t i c l e , 
* 
The graLn d e n s i t y a l o n g a t r a c k i s a f u n c t i o n of t he 
v e l o c i t y and cha rge of the p a r t i c l e . I f two s i n g l y c h a r g e d 
p a r t i c l e s of m a s s e s M^ and Mg a r e moving w i t h e q u a l v e l o c i t y , 
t hey w i l l p roduce t h e same g r a i n d e n s i t y and t h e i r r a n g e s 
B^ and R^ w i l l be i n t h e same r a t i o a s t h e i r m a s s e s . 
TWta.3 , 
' ' . . . . (31) 
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I f by e x p e r i m e n t , t h e r a n g e v e r s u s g r a i n d e n s i t y c u r v e i s 
o b t a i n e d f o r a known p a r t i c l e , say p r o t o n , t h e n t h e r e l a t i o n 
(47 ) can be used t o o b t a i n c u r v e s f o r o t h e r p a r t i c l e s a l s o ; , 
S i m i l a r c u r v e s can a l s o be o b t a i n e d f o r doub ly c h a r g e d 
p a r t i c l e s a f t e r making the due c h a r g e c o r r e c t i o n s i n r a n g e 
a n d g r a i n d e n s i t y p a r a m e t e r s , A g r a i n d e n s i t y v e r s u s r a n g e 
p l o t f o r some o f t h e p a r t i c l e s i s shown i n i l g . 4 , t a k i n g t h e 
c u r v e of the p r o t o n a s t h e s t a n d a r d one* The i d e n t i f i c a t i o n 
of t he t r a c k s h a s been done w i t h i n s t a t i s t i c a l e r r o r s . 
The p a r t i c l e s which end i n t h e e m u l s i o n and have 
r a n g e s of 4 n®* or m o r e , have been i d e n t i f i e d by t h i s me thod . 
The above method i s n o t a p p l i c a b l e to the p a r t i c l e s h a v i n g 
r a n g e s below 4 mmi b e c a u s e the c u r v e s a r e too c l o s e t ^ e u s e d 
f o r t h e i r i d e n t i f i c a t i o n . 
The t r a c k s wh ich a r e g o i n g ou t of t h e s t a c k b u t ^ o w 
an a p p r e c i a b l e change i n g r a i n d e n s i t i e s a l o n g them have been 
i d e n t i f i e d by ( Ag» A R ) me thod . The g r a i n d e n s i t i e s 
g^ and g2» and c o r r e s p o n d i n g r a n g e s R^ and R^ , have b e e n 
measu red a t two d i f f e r e n t p o i n t s of a t r a c k . The d i f f e r e n c e s 
of g r a i n d e n s i t i e s and 
r a n g e s A g and R r e s p e c t i v e l y , 
have been u s e d t o i d e n t i f y t h e p a r t i c l e by making u s e of t he 
c u r v e s of i l g , 4 • 
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Mass d e t e r m i n a t i o n and ^ -» ray c o u n t l n g t 
T racks of s h o r t e r r a n ^ s (R < 4 mm.) have b e e n 
i d e n t i f i e d by d e t e r m i n a t i o n of t h e i r m a s s e s by c o n s t a n t 
s a ^ t t a m e t h o d . These t r a c k s have a l s o been i d e n t i f i e d by 
c o u n t i n g ^ - r & y s over 2 mm* r a n g e . As the a c c u r a c y of the 
r e s u l t i n b o t h the m e t h o d s i s o n l y l i m i t e d , t h e i d e n t i f i c a t i o n 
i s supposed t o be v a l i d o n l y when bo th t he o b s e r v a t i o n s a g r e e 
w i t h i n s t a t i s t i c a l e r r o r s , I l g . 5 i s a s c a t t e r p l o t of t h e 
<S —ray c o u n t s v e r s u s t h e mass of t h e p a r t i c l e s c a l c u l a t e d 
f rom the c o n s t a n t S a g i t t a measurementts on a random sample 
of e v e n t s . The c r o s s e s a r e due t o the t r a c k s which have 
been i d e n t i f i e d by t h e ( g * - R ) m e t h o d w h i l e the d o t s c o r r e s p o n d 
t o t r a c k s i d e n t i f i e d by t h i s method a l o n e . O b v i o u s l y , t h e 
b e h a v i o u r of b o t h t y p e s of p a r t i c l e s i s t h e same and t h e 
i d e n t i f i c a t i o n seems to be t ^ i t e unambiguous . 
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Mass ^ rn^ 
S c a t t e r p b t the S - r a y counts Vs, mass of ^ e 
particles. Clrc/es correspond protons a n d 
S f i f a r e s ^ the c/euterons^ 
CHAPTEfi I I I 
PROJDUCTIOM OF HIGH ENERGY DEUTERONS FRCM HEAVY 
UUCLEI IN EMULSION 
a ) I n t r o d u c t i o n t o t h e a n a l y s i s of d a t a ; 
Fo r a s t u d y of the e m i s s i o n of h i g h e n e r g y d e u t e r o n s 
( • ^ 3 0 MeV) from heavy n u c l e i , a t o t a l of 237 s t a r s w i t h 
Nj^^S have been c o l l e c t e d u s i n g a r e a s c a n n i n g . The 
s c a n n i n g e f f i c i e n c y f o r t h e s e t y p e of s t a r s i s found t o be 
r v 100 p e r c e n t . The f l u x of t h e p r i m a r y beam of p r o t o n s 
h a s been found to be ( 0 . 7 + 0 . 0 2 ) X p a r t i c l e s / s q . cm. 
The mean f r e e p a t h f o r a l l i n t e r a c t i o n s t a r s i » o , , f o r 
i n t e r a c t i o n s w i t h b o t h heavy and l i g h t n u c l e i , i s f o u n d 
t o be ( 3 5 . 6 5 + 1 . 0 3 ) cm. Th i s g i v e s t h e c r o s s - s e c t i o n 
6 7 
o r s (354 ,6+ 1 0 , 0 ) mb. H. Meyer and M.W. T e u c h e r , u s i n g 
the l i n e s c a n n i n g p r o c e d u r e , have o b t a i n e d a v a l u e of the 
mean f r e e p a t h A = (35*1 ± 1 . 5 } cm. Our r e s u l t i s i n 
good ag reemen t w i t h t h x s v a l u e of ^ , I t can t h u s be 
c o n c l u d e d t h a t a r e a s c a n n i n g i n our c a s e i s a l m o s t e q u a l l y 
r e l i a b l e a s l i n e s c a n n i n g f o r i n t e r a c t i o n s t a r s w i t h b o t h 
t h e heavy and the l i g h t n u c l e i . 
I n t h e a n a l y s i s of t h e a f o r e s a i d 237 s t a r s , a t o t a l 
o f 333 P and 85 D h a v e been i d e n t i f i e d f rom the t r a c k s 
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f a l l i n g w i t h i n our s e l e c t i o n c r i t e r i a . I t h a s , h o w e v e r , 
n o t been p o s s i b l e to i d e n t i f y 2% of the t r a c k s due to 
ambiguous i d e n t i f i c a t i o n and a n o t h e r 2% of the t r a c k s 
e i t h e r b e c a u s e of some i n t e r a c t i o n t a k i n g p l a c e v e r y c l o s e 
t o the s t a r o r due t o t h e d i s t o r t i o n of the e m u l s i o n i n 
t h e i r p a t h . Of a l l t h e i d e n t i f i e d t r a c k s , 29 D and 153 P 
h a v e b e e n found t o go ou t of t h e s t a c k and hence t h e s e have 
been i d e n t i f i e d by ( ^ - g* ) m e t h o d . The r e s t of t h e t r a c k s 
have been i d e n t i f i e d e i t h e r by (g* - E ) method o r by 
c o n s t a n t s a g i t t a and S - r a y m e a s u r e m e n t s . 
The y i e l d s of t h e s e p a r t i c l e s i n t h e o b s e r v e d s t a r s 
have been c a l c u l a t e d by a p p l y i n g t h e u s u a l g e o m e t r i c a l 
c o r r e c t i o n s t 6 t h e s e e v e n t s . 
The o b s e r v e d and c o r r e c t e d v a l u e s a r e g iven i n 
Tab le 4 aga in . s t the s e l e c t e d momentum i n t e r v a l s , 
TABIiB 4 
YIELD OF PHOTONS AND DEUTERONS PROM HEAVY MUG LEI IN 
®4ULSI0N 
Momentum Observed N o , c o r r - N o . a f t e r Y i e l d 
P a r t i c l e s i n t e r v a l number e c t e d c o r r e c - N o / s t a r 
f o r t i o n f o r 
geomet ry i n t e r a c -
" t i o n s e t c . 
P r o t o n s ( 0 . 2 - 0 . 9 ) G e V / c 333 999 1040 4 .39+0*33 
D e u t e r o n s ( 0 , 3 2 5 - 1 . 8 ) 85 255 265 1 • 1 9 + 0 , 2 3 
GeV/c 
GIB 
Of a l l the 2 3 7 c o l l e c t e d s t a r s , 69 s t a r s have been 
found to emi t d e u t e r o n s . Of t h e s e , 17.3% c o n t a i n e d two 
d e u t e r o n t r a c k s wh i l e f rom 2#995 of the s t a r s t h r e e d e u t e r o n s 
were e m i t t e d , rrom the r e s t of the s t a r s s i n g l e d e u t e r o n 
e m i s s i o n was o b s e r r e d . 
Tab le 5 shows a l l t h e s e l e c t e d d e u t e r o i s 0 . 6 9 ) 
w i t h t h e i r e n e r g i e s i n t h e a s -well a s i n the einft. 
sy s t ems ( the c e n t r e of mass sys tem c o n s i d e r e d h e r e i s t he 
system formed by t h e i n c i d e n t n u c l e o n of 24 G©v/c and a 
n u c l e o n i n s i d e the n u c l e u s c o n s i d e r e d t o be s t a t i o n a r y ) . I n 
t h i s t a b l e the s t a r s i z e h a s a l s o been g i v e n f o r e ach e v e n t 
t o show t h e n a t u r e of t h e s t a r s p r o d u c i n g the d e u t e r o n s . 
The a n g l e and momentum ^ i n l a b . sys t em f o r each 
s e l e c t e d d e u t e r o n a r e a l s o g i v e n h e r e , 
b ) A n a l y s i s : 
i ) E v e n t s f rom e l e m e n t a r y c o l l i s i o n s } 
"We s h a l l c o n s i d e r a d e u t e r o n to be p roduced f rom an 
e l e m e n t a r y c o l l i s i o n i f i t i s p roduced by the i n t e r a c t i o n 
o f t he beam p r o t o n w i t h a t a r g e t n u c l e o n i n s i d e the n u c l e u s 
a c c o r d i n g t o the r e l a t i o n 
% 
d 4 - i T T (48) 
where 1 i s the no« of p i o n s c r e a t e d . 
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TABLE 5 
GHARACTERISTIGS OF DEUTERONS TRm ItfTERACTIONS DUE TO 
24 GeV/c PROTONS WITH HEAVY NUCLEI IN EMULSIO^T. 
s . 
No. |(MeV) 
• 0 
S e g r e e s ) ! 
E t c . m . ) 
(MeV) 
? S t a r 
1 s i z e 
1 0 2 0 3 0 4 0 5 5 6 • 
u 270 22 1050 2448 17+18+61 r 
2 , 190 58 870 3922 17+18+6. 
3 . 60 100 480 5719 12+5+3 
4 . 27 6 325 3808 12+3+6 
5. 350 28 1200 2438 12+1+1 
6. 27 81 325 4935 8+0+7 
135 57 728 3942 10+10+12 
8 . 75 ' 32 490 3664 14+1+0 
9 . 230 78 960 4956 13+5+4 
10 . 105 163 630 7260 8+3+2 
1 1 . 110 55 660 3917 " 18+7+7 
12 . 380 5 1250 1909 16+7+7 
13 . 80 17 558 3654 10+8+0 
u . 95 1 600 3103 10+8+0, 
1 5 . 125 126 720 6719 17+8+5 
1 6 . 33 25 350 3853 10+1+4 
17» 500 6 1460 1626 5+4+7 
1 8 . 130 94 710 5455 13+8+1 
1 9 . 66 92 505 5116 3+5+7 
Contd, 
GIB 
1 i 2 H 3 5 4 I 5 I 6 
2 0 . 31 100 345 5113 10+6+6' I 
21 . 510 U 1475 1738 10+6+6^ ( 
22 . 173 124 820 7011 14+6+7 
2 3 . 48 47 425 3997 9+2+4 
24 . 222 27 940 2742 17+4+6^ 
2 5 . 44 167 420 6379 17+4+6, 
26 . 86 17 580 3227 12+3+1 
27 , 32 71 348 4546 22+9+10' 
2 8 . 48 135 425 6021 22+9+10, 
2 9 . 37 96 370 5083 11+6+1 
3 0 . 30 56 330 4295 11+6+10 ( 
3 1 . 81 45 560 3737 11+6+10^ 
3 2 . 46 36 412 3841 25+4+6 
3 3 . 160 100 780 5857 16+11+9 r 
34 . 73 27 530 3463 16+11+9^ 
3 5 . 60 14 480 3439 13+4+12 
3 6 . 224 35 950 2952 16+8+9 
3 7 . 88 14 582 3200 21+8+5 
3 8 . 40 63 385 3213 16+6+6 
3 9 . 50 130 438 5963 17+7+4 
Gontd, 
GIB 
1 \ 2 ii 3 I 4 5 5 1 6 
4 0 . 158 57 788 3914 6+4+2 
4 1 . 110 8 640 3044 14+9+15 
4 2 . 33 21 355 3796 11+4+8 
4 3 . 30 167 338 6057 8+5+2' I 
44 . 76 31 538 4509 8+5+2, 1 
4 5 . 148 40 761 3351 12+1+6 
4 6 . 42 10 399 3621 12+2+2 
47 « 112 13 655 3032 18+4+4' 
4 8 . 55 49 456 3990 18+4+4 • 
4 9 . 7 0 122 515 6004 18+4+4. 
5 0 . 104 38 628 3843 6+8+6 
5 1 . 110 57 652 3995 24+11+10 
52^ 212 47 920 3428 24+11+10 
5 3 . 46 87 414 4909 8+1+4 
5 4 . 85 76 566 4655 18+7+6 
5 5 . 194 19 876 2675 15+6+16 
5 6 . 122 21 688 3053 14+4+2 
5 7 . 52 36 424 3830 9+5+3 
58 .u 55 51 453 4040 21+9+9 
5 9 . 147 63 759 4153 8+3+9 
6 0 . 320 47 1140 3297 15+6+7 V 
Contd , 
GIB 
^ 1 2 
r \ 3 1 ^ 1 ^ I ^ 
6 U 113 37 660 3416 15+6+7) 
62 . 183 9 850 2596 6+2+2 
65 . 93 52 600 3886 15+8+4) 
6 4 . 77 19 540 3342 15 + 8 + 4 / 
65 . 90 54 585 3959 16+10+6 
66.' 117 65 667 4271 12+10+13 
67 . 38 37 376 3928 6+3+8 
68. 110 6 652 2963 11+5+9 
69 . 110 90 652 5215 9+5+7 
7 0 . 38 43 385 3991 21+3+9 
7 1 . 106 8 635 3047 12+11+9 
7 2 . 105 145 620 6937 12+11+9 
7 3 . 88 54 585 3956 10+4+1 
7 4 . 105 76 630 4673 23+7+6 
7 5 . 78 141 550 6563 9+1+0| 
7 6 . 50 15 438 3512 9+1+0 J 
7 7 . 86 54 575 3970 8+4+2 
7 8 . 50 141 440 6170 6+3+10 
7 9 . 40 63 390 4355 14+7+9 
8 0 . 30 105 340 5229 6+2+5 
8 1 . 38 91 385 5187 15+2+7 
Contd, 
GIB 
82 , 94 60 600 4126 7+2+6 
8 3 . 52 50 442 4032 6+4+3 
8 4 . 100 97 620 5438 16+9+4 
8 5 . 74 39 530 3672 12+3+0 
Average s t a r 
s i z e 
For s i n g l e d e u t e r o n p r o d u c i n g s t a r s 12+5+6 
For two deu t e rons p r o d u c i n g s t a r s 15+8+6 
For t h r e e d e u t e r o n s p r o d u c i n g s t a r s 14+5+7 
For o r d i n a r y s t a r s 11+5+6 
I n a 24 Ge? /c p r o t o n c o l l i s i o n the jsaxlmuia e n e r g y 
c a r r i e d away by d e u t e r o n i n the c .m . sys tem cLf t he two 
n u o l e o n s i s 1 , 8 2 GeV f o r a s i n g l e p i on p r o d u c t i o n and i s 
1 , 6 2 GeV f o r 4 p i o n s p r o d u c t i o n . The maximum k i n e t i c e n e r g y , 
E • c a r r i e d away by d e u t e r o n i n a c o l l i s i o n i n which 1 max 
p i o n s a r e p r o d u c e d , c o r r e s p o n d s t o a l l t h e 1 p i o n s g o i n g 
t o g e t h e r i n a d i r e c t i o n o p p o s i t e t o t h a t of a d e u t e r o n . 
The a v e r a g e m u l t i p l i c i t y a t 25 GeV/c f o r p r o t o n - p r o t o n 
c o l l i s i o n i s 4«5> and f o r p r o t o n - n u c l e u s c o l l i s i o n i s some 
what l a r g e r , ^ ^ I n a 24 GeV/c i n t e r a c t i o n , t h e r e f o r e , t h e 
rrom t h e same s t a r . 
GIB 
It 
e v e n t s w i t h d e u t e r a i e n e r g i e s E ^ 1 . 8 2 QeV oan no t b e l o n g 
t o an e l e m e n t a r y c o l l i s i o n . Thus , f rom Table 5 we s ee 
t h a t t h e r e a r e on ly two l i k e l y e v e n t s i . e . , n o , 17 and 21 
which may b e l o n g to t he e l e m e n t a r y p r o c e s s , 
i i ) Momentum B i s t r i b u t i o n ; 
i i g , 6 shows t h e momentum s p e c t r u m of t h e e m i t t e d 
p r o t o n s and d e u t e r a i s . I n t h e l i g h t of t h e e x p e r i m e n t a l 
d a t a i t has been t r i e d to t e s t the v a l i d i t y of B u t l e r and 
P e a r s o n ^ ^ model i n t he momentum r a n g e (0«4© « 1 » 8 ) GeV/e 
f o r d e u t e r o n s . A c c o r d i n g to t h i s m o d e l , t h e p r o t o n and 
d e u t e r o n y i e l d s a r e r e l a t e d by the f o r m u l a 
.^2 2. 
. . . . (49 ) 
w h e r e , m i s the n u c l e o n m a s s , f . t h e d e u t e r o n momentum, 
and C a c o n s t a n t J; iven by 
n 
I n the momentum r a n g e c o n s i d e r e d h e r e , t h e r e l a -
10-
! 
ee Ui a 
«/) Ut 
. J <J 
I 
O 1 
210 ' 
OI 
'Jrl f f 
-I I I I I I I I J t i \ I I I • I 
10' 10' 0-1 
MOMENTUM GeV/c 
Momentum distribution 0} cteaterons a n c f p r ^ n s 
t i v i s t i G e f f e c t s may be n e g l e c t e d and the r e l a t i o n (49) 
s i i t t p l i f i e s t o 
R e f e r r i n g t o e x p e r i m e n t a l d a t a ( l i g . 6 ) , n ^ (K) 
i s n e a r l y c o n s t a n t i n t he momentum i n t e r v a l ( 0 « 2 0 - 0 « 9 ) 
GeV/o« Hence , a s s u m i n g the above model to be vei l id t h e 
p l o t of n^ (i^) v e r s u s K shou ld g i v e an exponent of 
As shown i n H g . 6 , the momentum spec t rum c u r v e of 
t he d e u t e r o n s i n the chosen momentum i n t e r v a l i s f a i r l y 
s t r a i g h t . Assuming a s t r a i g h t l i n e b e h a v i o u r f o r t he 
momentum spec t rum f o r d e u t e r o n s , t h e v a l u e of the g r a d i e n t , 
b , of t he s t r a i g h t l i n e h a s been o b t a i n e d from a l e a s t 
s q u a r e f i t t o our d a t a . A c c o r d i n g to the l e a s t s q u a r e 
e q u a t i o n 
g r a d i e n t b « ^ . . . . (52) 
where ( x , y ) a r e the c o o r d i n a t e s of t h e o b s e r v e d p o i n t and 
n r e p r e s e n t s the t o t a l number of p o i n t s a l o n g t h e s t r a i g h t 
l i n e . 
GIB 
The v a l u e of b comes o u t t o be - 2 , 3 3 w h i c h i s i n 
marked d i s a g r e e m e n t w i t h the v a l u e -4- ,0 s u g g e s t e d by B u t l e r 
35 and P e a r s o n m o d e l . 
¥ e have found t h a t i n h i g h e x c i t a t i o n s t a r s w i t h 
the f req .uency of d e u t e r o n s p e r s t a r i s l a r g e r t h a n 
t h a t f o r s t a r s w i t h I n f a c t , a b o u t 59?^ of t h e 
d e u t e r o n s have been f o u n d t o be e m i t t e d i n s t a r s w i t h 
Njj > 1 7 . These s t a r s c o n s t i t u t e a b o u t 2836 o f t he t o t a l 
number of s t a r s w i t h Nj^  , which i s i n good ag reemen t 
go 
w i t h t he r e s u l t s of J . Bogdanowicz e t a l . T a b l e t s and 7 
g i v e the d e u t e r o n and p r o t o n y i e l d s i n t h e momentum i n t e r v a l 
n o t e d i n each t a b l e f o r t he s t a r s c h a r a c t e r i z e d by t h e 
c o n d i t i o n . 
TABIE 6 
THE AVERAGS NO. OF DEUTERONS AND PROTONS PER STAR, IH 
THE MOMENTUM INTERVAL (0^2 ~ 0 , 9 ) GeV/c PER MJCLEON. 
P a r t i c l e s \ 
D e u t e r o n s ( 0 , 4 5 + 0 , 0 9 ) ( 1 , 8 3 + 0 . 2 9 ) 
P r o t o n s ( 3 . 0 9 + 0 . 2 3 ) ( 7 . 0 5 + 0 . 5 5 ) 
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TABLE 7 
THE AViSRAGE HO, OF DEUTBRONS AND PROTONS PER STAR, IM 
THE MOMEITUM INTERVAL (0>2 - 0 . 4 5 ) GeV/c PER NUCL1B0N» 
P a r t i c l e s \ ^ 
D e u t e r o n s (0*44 + 0 , 0 9 ) (1*56 + 0»25) 
P r o t o n s ( 2 . 2 5 + 0 . 2 ) ( 4 . 9 5 + 0 . 4 5 ) 
S i m i l a r d e u t e r o n and p r o t o n y i e l d s i n t he momentum 
i n t e r v a l ( 0 .21 - 0 . 4 3 ) GeV/c have a l s o been repoi ted by 
•zp 
San iewska e t a l , (Tab le 8 ) . Comparison of T a b l e s ? and 8 
shows the agreement of our r e s u l t s w i t h t h a t of San iweska 
e t a l . ^ ® 
TABLE 8 
THE AVERAGE HO, OF DEUTBRONS AND PROTONS. PER STAR IH 
THE MOMEWTUM IMTTOAL ( 0 . 2 1 - 0 . 4 3 ) 6eV/c MUCLEON, 
P a r t i c l e 
D e u t e r o n s ( 0 . 4 ± 0 * 1 ) ( 1 . 8 + 0 . 3 ) 
P r o t o n s ( 2 . 4 ± 0 . 3 ) ( 4 . 2 ± 0 . 4 ) 
T a b l e s 6 , 7 and 8 show t h a t t h e r e i s a q u a d r a t i c 
i n c r e a s e of the d e u t e r o n y i e l d w i t h t he r i s e of the p r o t o n 
GIB 
•ZQ 
y i e l d i n t h e tw® d i f f e r e n t t y p e s of s t a r s . San iewska e t a l , 
h a r e e x p l a i n e d t h i s q u a d r a t i c i n c r e a s e by a s suming the 
e x t e n s i o n of the v a l i d i t y of e q u a t i o n (11) of t h e B u t l e r and 
P e a r s o n model f o r d i f f e r e n t c l a s s e s o f i n t e r a c t i o n s i n a 
g iven s p e c i e s of n u c l e u s , 
i i i ) ^^ D i s t r i b u t i o n J 
The d i s t r i b u t i o n of the number of h e a v i l y i o n i z i n g 
p a r t i c l e s , Nj^, i n s t a r s e m i t t i n g p r o t o n s (E ^ 30 MeV) and 
d e u t e r o n s (E ^ 50 MeV) a r e shown i n i l g , The c u r v e s 
have been p l o t t e d f o r the number of h e a v i l y i o n i z i n g 
p a r t i c l e s N^^ p e r s t a r v e r s u s t h e p e r c e n t a g e of s t a r s . 
The mean heavy p r o n g number N^ f o r d e u t e r o n p roduc-
i n g s t a r s and f o r t h e s t a r s i n which p r o t o n s a l o n e a r e 
e m i t t e d a r e f o u n d t o be a s f o l l o w s : -
Njj ( d e u t e r o n s ) = 1 8 . 9 + 2 . 3 
Nj^  ( p r o t o n s ) = 15 .66+ 1»01 
The mean numbers of shower t r a c k s f o r t h e two , t h e 
p r o t o n p r o d u c i n g s t a r s and d e u t e r o n p r o d u c i n g s t a r s , a r e 
f o u n d t o be 5»8 and 5»6 r e s p e c t i v e l y , which shows t h a t n^ 
i s p r a c t i c a l l y t h e 'same f o r b o t h t y p e s of s t a r s . The Nj^  
v a l u e s f o r o u r r e s u l t s a r e a l s o found t o be c o n s t a n t f o r 
35 
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20 
K 
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6 3 t 
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Distribution of the 'r7amt>er o j heaifiiy i o n i j i ^ 
particles Aj^ i n stars. 
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t h e two t y p e s of s t a r s w i t h i n s t a t i s t i c a l e r r o r s . However, 
37 --o t h e r a u t h o r s have found d i f f e r e n t v a l u e s of Njj f o r same 
n and have p o i n t e d ou t t h a t the d i s c r e p a n c y ©an no t be s 
e x p l a i n e d by the B u t l e r and F e a r s o n m o d e l . ' " 
I n v iew of the above d i s c u s s i o n , we f e e l t h a t some 
o t h e r mechanism i s n e e d e d t o e x p l a i n the e m i s s i o n of 
d e u t e r o n s below 1 GeV» 
c ) P r o d u c t i o n of d e u t e r o n s by t h e c o l l i s i o n of c a s c a d e 
n u c l e o n s w i t h o t h e r n u e l e o n s of the t a r g e t n u c l e u s : 
A s imple mechanism t h a t one can c o n s i d e r f o r the 
p r o d u c t i o n of d e u t e r o n s i n n u c l e i i s a two s t e p p r o c e s s : 
i ) t h e i n c i d e n t p r o t o n c r e a t i n g a shower i n t h e n u c l e u s 
i i ) the k n o c k - o n n u c l e o n s g i v i n g r i s e to d e u t e r o n s i n t h e i r 
s u b s e q u e n t c o l l i s i o n w i t h o t h e r n u c l e o n s i n t he n u c l e u s , 
26 
S c h w a r z s c h i l d and Z u p ^ c i c have e s t i m a t e d the a p p r o x i m a t e 
y i e l d of such d e u t e r o n s by t h e f r a c t i o n B. , where R i s 
the n u c l e a r r a d i u s and ; n b e i n g the d e n s i t y of 
n u c l e o n s i n the n u c l e u s and cr the e l e m e n t a r y c r o s s - s e c t i o n 
f o r d e u t e r o n p r o d u c t i o n p e r n u c l e o n . An e x a m i n a t i o n of the 
e x c i t a t i o n c u r v e ^ ^ ( F i g . 8 ) f o r t h e d e u t e r c n p r o d u c t i o n by 
G I B 
50 
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p r o t o n - p r o t o n c o l l i s i o n , i . e . , f o r t h e r e a c t i o n 
jD-l- p T ^ . . . . ( 5 3 a ) 
a s a f u n c t i o n of k i n e t i c e n e r g y of p r o t o n , r e v e a l s t laa t the 
maximum v a l u e of CQ o c c u r s a r o u n d Ep = 550 MeV -and i s a p p r o -
x i m a t e l y e<iua.l t o 3»8 mb. k^ 4QQ a n d 800 VleV» or^ i s t iear l j^ 
e q u a l t o 1 mb, beyond which i t f a l l s r a p i d l y . At 300 MeV 
i t f a l l s t o n e a r l y 0 . 1 mb and a t 900 MeV t o 0 . 2 mb. Thus , 
s i g n i f i c a n t v a l u e s of cTj l i e f o r p r o t o n e n e r g y be tween 
( 3 0 0 - 9 0 0 ) MeV. 
B e s i d e s the r e a c t i o n ( 5 3 a ) , t he p - n or n - n c o l l i s i o n s 
w i l l a l s o c o n t r i b u t e to t h e j r i e l d of d e u t e r o n s . The 
r e a c t i o n s can be w r i t t e n a s 
p -V- n a > d + T T ° . . . . ( 5 3 b ) 
T\ + n a n . . . . ( 5 3 c ) 
S i n c e t he i s o s p i n s of t h e d e u t e r o n and p i o n a r e 0 and 1 
r e s p e c t i v e l y , t h e s e r e a c t i o n s must p r o c e e d th rough a p u r e 
T = 1 c h a n n e l . Now, n + p s y s t e m i s an e q u a l a d m i x t u r e of 
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T w 0 and T = 1 s t a t e s w h i l s t t h e p - p sys tem i s a p u r e T = 1 
s t a t e . So by v i r t u e of c h a r g e i n d e p e n d e n c e the c r o s s - s e c t i o n 
+ 0 
f o r p+p —»- d + s h o u l d be tw ice t h a t f o r n+p — d + 7T , 
and a l s o t h e c r o s s - s s c t i o n f o r sys t em w i l l b e the same 
a s t h a t f o r p»p s y s t e m . Thus i f (T^ , C^ and o'^ be t h e 
c r o s s - s e c t i o n s f o r t h e above t h r e e r e a c t i o n s ( 5 3 a ) , ( 5 3 b ) 
and ( 5 3 c t h e n , o b v i o u s l y 
= ^ = . . . . (54)^ 
and i f c be t he t o t a l c r o s s - s e c t i o n f o r d e u t e r o n p r o d u c t i o n 
from a l l t he t h r e e r e a c t i o n s , t h e n 
(55) 
Thus, t o c a l c u l a t e the y i e l d of d e u t e r o n s from the 
r 
above t h r e e r e a c t i o n s , i t i s s u f f i c i e n t t o know t h e y i e l d of 
d e u t e r o n s f rom r e a c t i o n ( 5 3 a ) a l o n e . We have u s e d the 
e x p e r i m e n t a l v a l u e of t h e c r o s s - s e c t i o n f o r t h e r eac t iopa 
( 5 3 a ) a s o b s e r v e d i n the f r e e n u c l e o n - n u c l e o n c o l l i s i o n s . ^ ^ 
We have not taken i n t o a c c o u n t t h e change e x p e c t e d on the 
b a s i s o f n u c l e a r s t r u c t u r e i n the v a l u e s of t h e c r o s s - s e c t i o n 
go 
f o r r e a c t i o n ( 5 3 a ) w h i l e a p p l y x n g the r e s u l t s o f Mandels tam 
t o the i n t e r a c t i o n s of c a s c a d e n u c l e o n s w i t h o t h e r n u c l e o n s 
of the t a r g e t n u c l e u s b e c a u s e a t t h e e n e r g i e s of th e n u c l e o n s 
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i n v o l v e d i n the p r o c e s s t he c o r r e c t i o n s would be i n s i g n i f i -
cajQt« I t i s a l s o n e c e s s a r y t o know the p r o t o n number 
spec t rum i n t h e e n e r g y i n t e r v a l ( 300 -900 ) MeV. For t h e 
spec t rum of p r o t o n s i n the r e q u i r e d e n e r g y i n t e r v a l , we have 
u s e d the e x p e r i m e n t a l c u r v e s due to i l t c h e t a l , ^ ^ f o r 
A 1 - t a r g e t s bombarded by 30 BeV p r o t o n s . From the e x p e r i m e n t s 
c a r r i ed out a t CERN on t h e bombardment of v a r i o u s t a r g e t s 
by 25 GeV p r o t o n beams, t he f o l l o w i n g i m p o r t a n t c o n c l u s i o n s 
have been a r r i v e d a t : 
i ) The d r a t i o i s i n d e p e n d e n t of t he momentum, 
P 
i i ) The r a t i o i s seen t o be weak ly dependen t on t h e a t o m i c 
number of the t a r g e t . 
We have , t h e r e f o r e , t a k e n t h e momentum s p e c t r u m of 
the p r o t o n s and the d r a t i o o b t a i n e d by F i t c h e t a l , f o r 
P 
Al and coup led t h i s i n f o r m a t i o n w i t h t he d e u t e r o n s p e c t r u m 
o b t a i n e d i n our e x p e r i m e n t i n o r d e r to de tenmine the p r o t o n 
ene rgy spec t rum f o r e m u l s i o n n u c l e i . 
Tak ing i n t o a c c o u n t t h e r e a c t i o n s C 5 3 a ) , ( 5 3 b ) and 
( 5 3 c ) , the c a l c u l a t e d y i e l d of d e u t e r o n s p e r s t a r , u s i n g t h e 
p r o t o n number spec t rum i n t h e e n e r g y i n t e r v a l ( 3 0 0 - 9 0 0 ) MeV 
and the e x c i t a t i o n c u r v e ( F i g , 8 ) f o r the p»»p-- c o l l i s i o n , i s 
g i v e n i n Table 3 f o r d i f f e r e n t e n e r g y i n t e r v a l s of c a s c a d e 
n u c l e o n s . 
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TABIE 9 
CALCULATED YIELD OF BEUTERQNS IN HEAVY MUCLEI PRCM 
COLLISIONS OF CASCADE NUCLEONS OF ENERGY INTBRVAL 
(3OO-^0O) Me? VITH OTHER MJCLEONS OF THE NUCLEUS, 
Energy i n t e r v a l of c a s c a d e No» of d e u t e r o n s p e r s t a r 
n u c l e o n s 
300 - 400 0 . 0 0 9 8 3 + 0 ,0025 
400— 500 0 . 0 4 0 9 + 0 . 0 1 0 5 
500 - 600 0 . 0 7 3 7 + 0 . 0 1 9 
600 - 700 0 . 0 4 1 9 + 0 . 0 1 0 8 
700 - 800 0 .00137 + 0 . 0 0 0 3 
800 ^ 900 0 .000267+ 0 . 0 0 0 0 7 0 
T o t a l O - I f e y x 0 - 0 ^ 5 
From the k i n e m a t i c a l c o n s i d e r a t i o n s of t he r e a c t i o n 
p+p d + TT"*^ , i t can be s e e n t h a t the t h r e s h o l d of t h e 
r e a c t i o n i s a t 300 MeV of p r o t o n e n e r g y , and t a k i n g i n t o 
c o n s i d e r a t i o n t he Fermi m o t i o n of n u c l e o n s , t he d e u t e r o n s 
e m i t t e d f o r the p r o t o n e n e r g y i n t e r v a l (300-900) MeV f a l l s 
i n the e n e r g y i n t e r v a l ^^ (170~720) MeV. Tab le 5 shows t h a t 
t h e r e a r e I 4 d e u t e r o n s i n t h e e n e r g y i n t e r v a l ( 1 7 0 - 7 2 0 ) MeV. 
Making g e o m e t r i c a l c o r r e c t i o n f o r t h e s e e v e n t s t h e t o t a l 
becomes 4 2 . T h i s g i v e s t he e x p e r i m e n t a l f r e q u e n c y of 
d e u t e r o n s p e r s t a r a s 0 .177 + 0 . 0 4 6 . The e x p e r i m e n t a l number 
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of 0 . 1 7 7 + 0*046 d e u t e r o n s / s t a r compares w e l l w i t h t h e 
c a l c u l a t e d ntunber of 0 . 1 6 7 + d e u t e r o n s / s t a r . 
I f the e v e n t s n o , 17 and 2l of t a b l e 3 a r e c o n s i d e r e d 
a s the d e u t e r o n s p r o d u c e d i n e l e m e n t a r y c o l l i s i o n , e x c l u d i n g 
t h e s e e v e n t s t h e e x p e r i m e n t a l v a l u e ©f d e u t e r o n y i e l d comes 
ou t t o be 0 . 1 5 2 + 0 . 0 4 d e u t e r o n s p e r s t a r . The v a l u e i s 
a g a i n comparable w i t h the c a l c u l a t e d v a l u e of (0«167 + 0 . 0 4 3 ) 
d e u t e r o n s / s t a r . As a r e s u l t of t h i s we a r e no t i n any p o s i -
t i o n to e s t i m a t e the c o n t r i b u t i o n of the e l e m e n t a r y p r o c e s s 
t o t h e d e u t e r o n p r o d u c t i o n i n the e n e r g y i n t e r v a l c o n s i d e r e d 
h e r e . 
From t h e above d i s c u s s i o n i t can be c o n c l u d e d t h a t t h e 
y i e l d of d e u t e r o n s i n t he e n e r g y i n t e r v a l ( 170 -720 ) MeV i s 
' s u c c e s s f u l l y i n t e r p r e t e d i n t e r m s of t h e mechanism of t h e i r 
p r o d u c t i o n by the c o l l i s i o n of c a s c a d e n u c l e o n s w i t h o t h e r 
n u c l e o n s of t h e n u c l e u s . 
P r o d u c t i o n of d e u t e r o n s f rom t h e c a s c a d e n u c l e o n s by 
t h e p i c k - u p p r o c e s s : 
19 
As m e n t i o n e d i n C h a p t e r I , Chew and G o l d b e r g e r have 
p r o p o s e d the ' p i c k - u p ' p r o c e s s f o r t h e p r o d u c t i o n of 
d e u t e r o n s . I t may be u n d e r s t o o d a s a sudden r e a r r a n g e m e n t 
p r o c e s s i n which a n u c l e o n of s u i t a b l e momentum from t h e 
t a r g e t n u c l e u s i s t r a n s f e r r e d t o t he p a s s i n g n u c l e o n . The 
70 
20 
c a l c u l a t i o n s g i v e n by Chew and G o l d b e r g e r f o r the d e u t e r o n 
p r o d u c t i o n c r o s s - s e c t i o n a r e a p p l i c a b l e o n l y i n the c a s e of 
h i ^ energy c o l l i s i o n s w i t h l i g h t n u c l e i ^ 
Using c o r r e c t e d Fe rmi -mode l of the n u c l e u s J , 
20 
Heidmann h a s e x t e n d e d t h e s e c a l c u l a t i o n s to g i v e t he deut** 
e r o n p x o d u c t i o n c r o s s - s e c t i o n f o r t h e c a s e of h i g h e n e r g y 
c o l l i s i o n s w i t h heavy n u c l e i . He h a s made h i s c a l c u l a t i o n s 
f o r the bombardment of heavy n u c l e i w i t h n u c l e o n s ©f i n c i d e n t 
e n e r g i e s ^ 1 0 0 MeV. The p i c k - u p c r o s s - s e c t i o n p e r n u c l e o n 
g i v e n by hiai i s 
^ = 7 . 7 . l O c ^ ^ 
where B i s t h e i n c i d e n t n u c l e o n e n e r g y . He h a s p l o t t e d 
— I ^ ^ v e r s u s i n c i d e n t e n e r g y of t h e p r i m a r y n u c l e o n which 
i s shown i n F i g , 9« 
From r e l a t i o n ( 5 6 ) , we s e e t h a t t h e c r o s s - s e c t i o n 
i s p r o p o r t i o n a l to the i n v e r s e of the s i x t h power of the 
e n e r g y of the i n c i d e n t n u c l e o n , t h e r e f o r e , i t s va lue a l t h o u ^ 
l a r g e a t 100 MeV, becomes a l m o s t n e g l i g i b l e above 200 MeV 
i n c i d e n t n u c l e o n e n e r g i e s . 
I t i s e v i d e n t f rom the e n e r g y dependence of e q , ( 5 6 ) 
t h a t the d e u t e r o n s can n o t be p roduced by the p r i m a r y p r o t o n 
beam t h r o u g h t h e p i c k - u p p r o c e s s . One c a n , however , c o n s i d e r 
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the f o r m a t i o n of d e u t e r o n s by t h i s p r o c e s s a s a two s t e p 
phenomenon. I n the f i r s t s t e p t h e i n c i d e n t p r o t o n c r e a t e s 
a shower i n t h e n u c l e u s , and then t h e knock-on n u c l e o n s g i v e 
r i s e to d e u t e r o n s by p i c k i n g up the xiueleons of s u i t a b l e 
momenta from t h e n u c l e u s . 
B e f o r e c a l c u l a t i n g the y i e l d of d e u t e r o n s by t h i s 
p r o c e s s , one should t ake i n t o accoun t the f a c t t h a t the 
deuteroEB so formed can e a s i l y d i s i n t e g r a t e wh i le e s c a p i n g 
20 
from the n u c l e u s , Heidmann h a s , t h e r e f o r e , assumed t h a t 
the l a y e r of the n u c l e u s e f f e c t i v e i n t h e p i c k - u p p r o c e s s 
h a s a t h i c k n e s s o f T^ ^ ( r a d i u s of the n u c l e o n ) measured a l o n g 
the e s c a p e s i d e of t he n u c l e u s . 
The d e u t e r o n s can be formed from bo th the p r o t o n s a s 
w e l l a s the n e u t r o n s i n t h e c a s c a d e . I f t h e same d i s t r i b u -
t i o n i s assumed f o r b o t h t y p e s of p a r t i c l e s i n a n u c l e u s , 
t he y i e l d of the d e u t e r o n s from t h i s p r o c e s s w i l l be gLven by 
. t w i c e the number of cascade p r o t o n s , • • • • (57) 
whe re , n i s h a l f the n u c l e o n d e n s i t y i n the n u c l e u s and 
c r f the c r o s s - s e c t i o n f o r the p r o c e s s i n the c o n s i d e r e d 
e n e r g y i n t e r v a l of p r o t o n s . 
Using the e x p r e s s i o n (^7) the y i e l d s of the d e u t e r o n s 
p e r s t a r have been c a l c u l a t e d i n d i f f e r e n t ene rgy i n t e r v a l s 
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of (100 -900) MeV of c a s c a d e n iac leons . 
The p r o t o n number spec t r i im , i n t h e ene rgy i n t e r v a l 
( 1 0 0 - 9 0 0 ) MeV i n t he o b s e r v e d number of s t a r s , i s t he same 
a s t h a t u s e d i n t h e c a l c u l a t i o n s f o r f i n d i n g t h e d e u t e r o n 
y i e l d from p«p c o l l i s i o n s . Table 10 shows t h e c a l c u l a t e d 
y i e l d s of the d e u t e r o n p e r s t a r i n d i f f e r e n t e n e r g y i n t e r v a l s 
of c a s c a d e n u c l e o n s . 
TABLE 10 
CALCULATED YIELDS OF THl DIUTERON PER STAR FROM THE 
PICK-UP PROCESS. 
Energy i n t e r v a l of c a s c a d e 
n u c l e o n s 
Y i e l d s of the d e u t e r o n p e r 
s t a r 
100 - 200 (0,.63 + 0 . 1 5 ) 
2 0 0 - 300 ( 0 . 2 8 + 0 . 0 6 ) 10""' 
300 - 400 ( 0 . 2 5 ± 0 . 0 6 ) 10"^ 
400 « 500 (0 .37 + 0 . 0 7 ) 10"^ 
500 ^ 600 ( 0 . 8 9 + 0 . 2 ) 10"^ 
600 " 700 ( 0 . 2 6 + 0 . 0 6 ) 10*"^ 
700 « 800 ( 0 . 7 6 + 0 . 2 ) 
800 - 900 ( 0 . 3 0 + 0 . 0 7 ) 10**^ 
From Table 1 0 , i t may be n o t i c e d t h a t t h e y i e l d of 
d e u t e r c n s i s n e g l i g i b l e f o r c a s c a d e n u c l e o n s o f e n e r g i e s 
73 
20 (300 -900) MeV. I t h a s been e s t i m a t e d by Heidmann t h a t f o r 
E ^ 100 MeV of i n c i d e n t n u c l e o n s , t h e e m i t t e d d e u t e r o n s 
w i l l have the e n e r g y ^ 50 MeV and t h e u p p e r l i m i t of t h e 
ene rgy of t h e e m i t t e d d e u t e r o n s w i l l be s l i g h t l y l e s s t h a n 
t h e ene rgy of t he i n c i d e n t n u c l e o n . For c a s c a d e n u c l e o n s of 
e n e r g i e s (100-200) MeV, t h e energy i n t e r v a l of t h e e m i t t e d 
d e u t e r o n s w i l l be n e a r l y ( 5 0 - 1 8 0 ) MeV. For t h e i n t e r v a l 
( 2 0 0 - 3 0 0 ) MeV of c a s c a d e n u c l e o n s f i r s t l y , t h e y i e l d i s v e r y 
s m a l l and s e c o n d l y , mos t of t he e m i t t e d d e u t e r o n s w i l l have 
t h e i r e n e r g i e s below 180 MeV. 
I f d e u t e r o n s of e n e r g i e s ( 5 0 - 1 8 0 ) MeV a r e formed from 
the p i c k - u p p r o c e s s i n t he n u c l e u s by t h e c a s c a d e n u c l e o n s 
of e n e r g i e s ^ tOO MeV, the y i e l d of d e u t e r o n s p e r s t a r i s 
e x p e c t e d to be 0 . 6 5 8 + 0 . 1 5 7 (Table 1 0 ) . S i n c e the d e u t e r o n 
number spec t rum f rom t h i s p r o c e s s w i l l have a t a i l n e a r 
I 
180 MeV, a n e g l i g i b l e y i e l d of the d e u t e r o n s i n ' the i n t e r v a l 
( 1 7 0 - 1 8 0 ) MeV i s e x p e c t e d by t h i s p r o c e s s , 
¥e s h a l l , t h e r e f o r e , compare our e x p e r i m e n t a l r e s u l t s 
w i t h the t h e o r e t i c a l e s t i m a t e s f o r t h e d e u t e r o n e n e r g y 
i n t e r v a l (50 -170) MeV, s i n c e a c a n p a r i s o n of t h e d e u t e r o n s 
h a v i n g ene rgy g r e a t e r t h a n 170 MeV h a s been made by the 
e s t i m a t e s based on p r o c e s s e s l i k e 
N + N — 7 T + d , where N r e p r e s e n t s a n u c l e o n . 
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A p p l y i n g the g e o m e t r i c a l c o r r e c t i o n , Table 5 g i v e s the 
e x p e r i m e n t a l y i e l d of d e u t e r o n s of e n e r g i e s ( 5 0 - 1 7 0 ) MeV p e r 
s t a r a s 0 . 6 3 + 0 . 0 9 . T h i s e x p e r i m e n t a l v a l u e i s i n good 
agreement w i t h the c a l c u l a t e d y i e l d 0 . 6 5 8 + 0 . 1 5 7 p e r s t a r . 
The t o t a l y i e l d o f t he d e u t e r o n s can be e x p l a i n e d by 
ta lc ing i n t o a c c o u n t b o t h t he above d i s c u s s e d p r o c e s s e s . 
The y i e l d of t h e d e u t e r o n s i n the e n e r g y i n t e r v a l 
(170-720) MeV h a s f a i r l y been e x p l a i n e d i n t e r m s of t h e i r 
p r o d u c t i o n f rom the c o l l i s i o n s of c a s c a d e n u c l e o n s w i t h o t h e r 
n u c l e o n s of t h e t a r g e t n u c l e u s . I t h a s a l s o b e e n n o t i c e d 
t h a t t h i s y i e l d i s m a i n l y f rom c a s c a d e n u c l e o n s i n the 
ene rgy band ( 3 0 0 - 9 0 0 ) MeV. 
The e m i s s i o n of d e u t e r o n s of e n e r g i e s (50—170) MeV 
i s a l s o f a i r l y e x p l a i n e d by a s s u m i n g the p i c k - u p p r o c e s s 
t a k i n g p l a c e f o r c a s c a d e n u c l e o n s of e n e r g i e s ( 1 0 0 - 3 0 0 ) MeV. 
As remarked a b o v e , t h i s p r o c e s s w i l l a l s o ^ v e d e u t e r o n s of 
e n e r g i e s g r e a t e r t h a n 170 MeV. But t h e i r number i s so s m a l l 
t h a t t h e i r i n c l u s i o n w i l l no t a l t e r ou r c o n c l u s i o n s a t a l l . 
I t c a n , t h u s , be s a i d t h a t t h e p r o d u c t i o n ©f d e u t -
e r o n s of e n e r g i e s ( 5 0 - 7 2 0 ) MeV i s t h e combined e f f e c t of the 
two p r o c e s s e s : i ) the c o l l i s i o n s o f c a s c a d e n u c l e o n s of 
e n e r g i e s (300^900) MeV w i t h o t h e r n u c l e o n s of t he t a r g e t 
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and i i ) the p i c k - u p p r o c e s s i n the n u c l e u s f rom c a s c a d e 
n u c l e o n s of e n e r g i e s (100-500) MeV« 
e ) Angular d i s t r i b u t i o n s ; 
The a n g u l a r d i s t r i b u t i o n s of t he d e u t e r o n s and 
p r o t o n s of e n e r g i e s ^ 30 MeV a r e shown i n jBlg. 1 0 , I t i s 
o b s e r v e d t h a t t h e d i s t r i b u t i o ^ o r d e u t e r o n s i s s i m i l a r t o 
t h a t of c a s c a d e p r o t o n s , and b o t h k i n d s of p a r t i c l e a r e 
s t r o n ^ y peaked i n t h e f o r w a r d d i r e c t i o n . The f o r w a r d t o 
backward r a t i o s f o r p r o t o n s and d e u t e r o n s have been found t o 
b e a r the f o l l o w i n g v a l u e s ; 
y ( P r o t o n s ) a 2*25 + 0»15 
B 
F ( D e u t e r o n s ) = 3 . 2 6 + 0 . 2 6 
38 San iewska e t a l . have r e p o r t e d the F r a t i o s f o r p r o t o n s 
B 
and d e u t e r o n s a s 
F ( p r o t o n s ) = 2 , 0 + 0 , 3 — 
F ( d e u t e r o n s ) »= 2 . 2 + 0 . 5 
B 
which a l s o show a f o r w a r d p e a k i n g s i m i l a r t o o u r s . 
The s i m i l a r b e h a v i o u r of e m i t t e d p r o t o n s and d e u t -
e r o n s - bo th b e i n g f o r w a r d l y p e a k e d , seems to s u p p o r t ou r 
e x p l a n a t i o n , r e g a r d i n g t h e f o r m a t i o n of d e u t e r o n s by the 
c a s c a d e n u c l e o n s . 
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CHAPTER IV 
PRODUCTION OF HIGH ENERGY PBUTERONS FROM LIGHT 
?TUCLEI (C, ¥,, Q) IN OTCIiEAR EMULSION: 
a ) I n t r o d u c t i o n t o the a m l y s i s o f d a t a ; 
I n t h e p r e v i o u s c h a p t e r , t h e e m i s s i o n of h i g h e n e r g y 
d e u t e r o n s ( 2 : 30 MeV) from heavy n u c l e i , i » e , , i n s t a r s 
w i t h N j j ^ 8 h a s been d i s c u s s e d . The s t a r s w i t h Nj^  ^  7 can 
be a t t r i b u t e d t o t h e i n t e r a c t i o n s of t h e beam p r o t o n s w i t h 
l i g h t n u c l e i of e m u l s i o n , i . e . , C, N, 0 and H, The s t a r s 
w i t h Z -^Nj j^ 7 m o s t l y c o r r e s p o n d t o t h e i n t e r a c t i o n s w i t h 
C, N and 0 n u c l e i of e m u l s i o n . The c o n t a m i n a t i o n t o t h e s e 
s t a r s due t o the i n t e r a c t i o n s w i t h t h e h e a v i e r g roup of 
e m u l s i o n n u c l e i i s ^ 10-2056. T h i s c o n t a m i n a t i o n h a s n o t 
been c o n s i d e r e d i n the f o l l o w i n g d i s c u s s i o n a s i t w i l l n o t 
a p p r e c i a b l y a f f e c t t he c a l c u l a t e d r e s u l t s of the d e u t e r o n 
y i e l d s . 
Using a r e a s c a n n i n g , a t o t a l of 215 s t a r s w i t h 
Nj^  ^ 7 have been c o l l e c t e d . The s c a n n i n g h a s been 
done w i t h g r e a t c a r e . The s c a n n i n g e f f i c i e n c y f o r s t a r s 
w i t h l i g h t n u c l e i of emul s ion was d e t e r m i n e d f o r d i f f e r e n t 
o b s e r v e r s by the r e s c a n n i n g p r o c e d u r e and was found to be 
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r ^ 95/^* The h i g h v a l u e of the s c a n n i n g e f f i c i e n c y i s etlso 
s u p p o r t e d f rom the e x p e r i m e n t a l o b s e r v a t i o n t h a t t h e mean 
f r e e p a t h (35*65 + 1 . 0 3 ) f o r a l l t y p e s of s t a r s compares 
v e r y w e l l w i t h t he number (35«1 + 1 * 5 ) o b t a i n e d by Meyer 
Cn 
and Teucher u s i n g the l i n e s c a n n i n g p r o c e d u r e . As t he 
s c a n n i n g e f f i c i e n c y w i t h heavy n u c l e i of e m u l s i o n was found 
t o be 10096, t h e good agreement be tween our v d . u e s of A 
6 7 a n d ' t h o s e of Meyer and Teucher i m p l i e s o b v i o u s l y a l a r g e r 
v a l u e of the e f f i c i e n c y f o r s t a r s w i t h l i g h t e r g roup of 
lb 
e m u l s i o n n u c l e i * 
From t h e a n a l y s i s of 215 s t a r s of l i g h t n u c l e i , i n 
a l l 88 p r o t o n s and 16 d e u t e r o n s have been i d e n t i f i e d f rom 
the t r a c k s f a l l i n g w i t h i n the s e l e c t i o n c r i t e r i a m e n t i o n e d 
i n C h a p t e r I I , However, 256 of t h e t r a c k s cou ld n o t be 
i d e n t i f i e d due t o ambiguous i d e n t i f i c a t i o n and a n o t h e r 
of the t r a c k s e i t h e r b e c a u s e of t h e i n t e r a c t i o n t a k i n g p l a c e 
c l o s e t o the s t a r or due to d i s t o r t i o n of the e m u l s i o n i n 
t h e i r p a t h . Of t h e i d e n t i f i e d 16 d e u t e r o n s and 88 p r o t o n s , 
one d e u t e r o n and 32 p r o t o n t r a c k s were found t o g o o u t of 
the s t a c k and were i d e n t i f i e d by ( ^ - g* ) m e t h o d . The 
r e s t were i d e n t i f i e d by e i t h e r (g - R) method or by 
c o n s t a n t s a g i t t a and <S-ray m e a s u r e m e n t s . 
To e v a l u a t e the y i e l d of t h e s e p a r t i c l e s i n the 
o b s e r v e d s t a r s u s u a l g e o m e t r i c a l c o r r e c t i o n h a s been a p p l i e d 
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t o t h e s e e v e n t s . Table 11 shows the o b s e r v e d and c o r r e c t e d 
v a l u e s f o r each t y p e of p a r t i c l e s w i t h t h e i r chosen momentum 
i n t e r v a l s . 
TABLE 11 
YIELD OF DEUTERONS AND PROTCWS FROM LIGHT NUCLEI 
IN MULSION 
Momentiim Obser~ N o . c o r r - N o , a f t e r c o r r e c t - Y i e l d 
T. i n t e r v a l ved e c t e d . P a r t i c l e s ^^^ x ^ J o r 
a c t i o n 
e t c . 
P r o t o n s (0 .2«09)GeV/c 88 264 276 ( l . 2 7 + 0 . l ) 
D e u t e r o n s ( 0 . 3 2 5 - 1 . 8 ) 16 48 50 ( 0 . 2 3 + 0 . 0 5 6 ) GeV/c 
Table 12 shows a l l the c o l l e c t e d p r o t o n s w i t h t h e i r 
e n e r g i e s a n d a n g l e s i n l a b . s y s t e m . The s t a r s i z e h a s a l s o 
b e e n g iven a g a i n s t eagh e v e n t t o show t h e n a t u r e o f t h e 
s t a r s p r o d u c i n g the p r o t o n s . 
I n t h e 215 c o l l e c t e d s t a r s due t o l i g h t n u c l e i , 16 
have been found t o be d e u t e r o n e m i t t i n g s t a r s . I n a l l t h e 
d e u t e r o n e m i t t i n g s t a r s a s i n g l e d e u t e r o n i s found t o be 
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TABLE 12 
CHARAGTEBISTICS OF SECONDARY PROTONS 01 MOMENTA 
(0«2 > 0 * 9 ) GeV/c FROM INTERACTIONS DUB TO 24 GeV/o 
PROTONS ¥ITH LIGHT NUCLBI IN EMULSION. 
0 
S , , . S E (MeV) I ( d e g r e e s ) S Momentum 8 S t a r s i z e 
No.O 0 ^ 6 CMeV/o) 
T 
1 . 90 9 420 3 + 2 + 2 
2 . 21 176 200 4 + 1 + 3 
3 . 22 106 207 4 + 3 + 2 
4 . 55 89 330 2 + 4 + 5 
5 . 28 32 238 5 + 0 + 4 
6 . 24 49 225 4 + 0 + 0 
7 . 55 18 330 3 + 4 4 7 
8 . 93 12 428 3 + 4 + 4 
9 . 37 40 265 
1 7 . 3© 14 245 
) > 
1 0 . 108 49 455 1 + 2 + 5 
1 1 . 90 58 420 4 + 2 + 3 
1 2 . 72 75 370 4 + 2 + 2 
1 3 . 22 77 210 2 + 0 + 0 
1 4 . 104 55 450 5 + 2 + 4 
1 5 . 230 60 700 3 + 1 + 1 2 
1 6 . 96 45 435 4 + 3 + 0 
»• 
Contd4 
^ 1 2 1 ' 1 ^ 1 5 
1 8 . 100 65 440 4 + 1 + 0 
1 9 . 80 23 398 2 + 2 + 7 
2 0 . 100 7 442 5 + 1 + 0 
21 . 125 13 500 3 + 2 + 3 
22 . 52 102 312 3 + 2 + 8 
2 3 . 53 16 316 } * 
24-, 131 4 510 4 + 2 + 2 
2 5 . 102 98 451 1 + 3 + 7 
2 6 . 58 98 332 »» 
27 . 315 30 835 3 + 1 + 1 
28 . 100 16 440 3 + 3 + 2 
29* 190 47 630 2 + 2 + 7 
3 0 . 100 27 440 »» 
31 . 32 16 215 4 + 0 + 1 
32 . 160 9 574 2 + 1 + 1 
33 . 25 56 218 1 + 3 + 9 
3 4 . 84 37 402 »> 
3 5 . 43 123 289 2 + 1 + 5 
3 6 . 34 84 254 5 + 1 + 6 
3 7 . 133^ 23 520 3 + 2 + 3 
3 8 . 42 111 283 4 + 1 + 7 
Contd, 
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m 
^ 1 ^ 1 1 3 1 ^ 
! 3 
3 9 . 190 44 632 2 + 1 - ^ 0 
4 0 . 28 163 229 4 + 3 + 5 
4 1 . 146 45 546 3 + 2 4 0 
4 2 . 114 91 477 »» 
4 3 . 123 13 498 4 + 2 + 6 
4 4 . 27 92 226 2 + 3 + 5 
4 5 . 52 10 315 0 + 4 + 1 
46 . 60 41 340 2 + 3 + 1 2 
4 7 . 71 40 369 f ) 
4 8 . 197 47 644 3 + 4 + 0 
4 9 . 90 106 421 5 + 2 + 2 
50 . 157 15 569 3 + 1 + 2 
51 • 52 166 316 1 + 3 + 3 
5 2 . 245 43 726 »f 
5 3 . 27 7 3 230 4 + 3 + 8 
5 4 . 37 35 265 1 + 3 + 5 
5 5 . 44 65 285 1 + 1 + 2 
56 . 55 138 322 »> 
5 7 . 25 167 222 3 + 2 + 1 
58 . 93 76 427 3 + 4 + 1 0 
5 9 . 68 44 365 2 + 2 + 9 
Contd^ 
GIB 
^ 1 2 
0 « ' 1 
5 
0 5 
64 41 365 6 + 1 + 6 
6 1 . 48 83 305 t» 
6 2 . 36 136 265 5 + 1 + 2 
6 3 . 130 36 512 3 + 3 + 5 
6 4 . 31 120 243 4 + 0 + 7 
6 5 . 38 31 270 »t 
6 6 . 32 161 245 6 + 0 + 1 
6 7 . 43 124 288 2 + 2 + 3 
6 8 . 85 14 410 4 + 1 + 0 
6 9 . 24 10 210 4 + 2 + 1 
7 0 . 25 122 215 3 + 0 + 3 
7 1 . 96 171 435 4 + 3 + 1 
7 2 . 137 36 525 4 + 3 + 10 
7 3 ; 40 26 270 2 + 2 + 5 
7 4 . 55 20 328 5 + 1 + 7 
7 5 . 24 89 217 3 + 3 + 7 
7 6 . 280 29 785 »» 
7 7 . 58 29 338 ) > 
7 8 . 200 24 650 2 + 3 + 1 
7 9 . 40 19 276 2 + 5 + 3 
8 0 . 98 25 440 4 + 2 + 4 
8 1 . 47 122 300 3 + 3 + 0 
Gontd^ 
GIB 
^ 1 
3 0 
H 
4 
1 5 
8 2 . 100 29 445 3 + 3 + 0 
8 3 . 107 55 465 * 1 
84» 37 80 265 3 + 1 + 4 
8 5 . 160 34 565 2 + 1 + 7 
8 6 . 28 129 233 4 + 2 + 3 
8 7 . 90 41 420 »» 
8 8 . 133 17 520 4 + 2 + 2 
Average s t a r s i z e 3 + 2 + 4 
e m i t t e d . A l l the s e l e c t e d d e u t e r o n s (0»17 ^ 0 . 6 9 ) a r e 
shown i n Table 13« I n t h i s t a b l e tlte e n e r g i e s 
i n l a b , a s w e l l a s i n c .m , s y s t e m s have been shown. The 
s t a r s i z e i s a l s o g iven a g a i n s t eacjh e v e n t to show t h e 
n a t u r e of the s t a r s p r o d u c i n g them. 
From Table 13 i t i s o b v i o u s t h a t the c o l l e c t e d d a t a 
of d e u t e r o n s f rom l i g h t n u c l e i i s no t s u f f i c i e n t t o t e s t , 
w i t h r e l i a b i l i t y , t h e v a l i d i t y of B u t l e r and P e a r s o n model 
i n the momentum i n t e r v a l c o n s i d e r e d . However, i n t h e f o l l o w -
i n g d i s c u s s i o n i t h a s been shown t h a t t h e r e i s no n e e d t o 
i n v o k e the model of B u t l e r and P e a r s o n f o r t h e e m i s s i o n of 
d e u t e r o n s from l i g h t n u c l e i . 
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TABLE 12 
CHARACTERISTICS OF DEIiITERONS FRCM INTERACTIONS BUB 
TO 24 GeV/c PROTONS WITH MGIff NUCLEI IN MULSION. 
S . 5 E (MeV) ? a ( d e g r e - 5 Momen- f E*(c .m) ? S t a r X » vwc " ' S T u -
Noi ! e s ) $ turn , i (MeV) 
J I I (Mev/c) s i z e 
1 32 . 20 350 3807 3 + 0 + 2 
2 57 36 465 4322 5 + 0 + 3 
3 65 125 500 6037 2 + 1 + 1 
4 41 100 390 5197 3 + 2 + 2 
5 62 156 490 6577 3 + 3 + 2 
6 44 40 405 3912 4 + 0 + 1 
7 97 17 609 3170 3 + 4 + 3 
8 67 13 500 3389 4 + 1 + 7 
9 298 135 1100 7807 4 + 3 + 5 
10 107 97 640 5471 2 + 3 + 5 
11 70 100 515 5377 2 + 2 + 1 
12 222 54 940 3382 3 + 3 + 10 
13 52 145 445 6556 6 + 1 + 6 
14 127 60 695 4080 4 + 2 + 1 
15 40 149 385 6093 7 + 0 + 2 
16 69 119 515 5923 6 + 1 + 2 
Ave rage s t a r s i z e 4+ 2 + 3 
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F u r t h e r , i t shou ld be n o t i c e d f rom T a b l e 13 t h a t 
t h e r e i s no d e u t e r o n of E (c.m.) 1»82 GeV, w h i c h may be 
a t t r i b u t e d to t h e p r o c e s s o f e l e m e n t a r y c o l l i s i o n of t he 
beam p r o t o n s w i t h the t a r g e t n u c l e i . 
b ) P r o d u c t i o n of d e u t e r o n s by the c o l l i s i o n of c a s c a d e 
n u c l e o n s wi th o t h e r n u c l e o n s of t h e t a r g e t n u c l e u s ? 
The s i m p l e mechanian f o r t h e p r o d u c t i o n of d e u t e r o n s 
i . e * , t he i n c i d e n t p r o t o n c r e a t i n g a shower i n t h e n u c l e u s 
and t h e knock-on n u c l e o n s t h e n g i v i n g r i s e to d e u t e r o n s i n 
t h e i r s u b s e q u e n t c o l l i s i o n s w i t h o t h e r n u c l e o n s i n t h e 
n u c l e u s , which we have c o n s i d e r e d f o r t he heavy n u c l e i , can 
a l s o be c o n s i d e r e d f o r l i g h t n u c l e i . 
The a p p r o x i m a t e y i e l d of such d e u t e r o n s a s e s t i m a t e d 
by S c h w a r z s c h i l d and Z u p a n c i o w i l l , t h e n , a g a i n be g i v e n by 
t h e f r a c t i o n R , where E i s t h e n u c l e a r r a d i u s a n d A : : ^ ; — ; 
N b e i n g t h e d e n s i t y of n u c l e o n s i n t h e n u c l e u s and cr' t h e 
e l e m e n t a r y c r o s s - s e c t i o n f o r d e u t e r o n p r o d u c t i o n p e r n u c l e o n , 
The t h r e e r e a c t i o n s w h i c h c o n t r i b u t e t o the y i e l d of 
d e u t e r o n s w i l l a g a i n be g i v e n by. 
p + p d + TT'*' ( 5 8 a ) 
p + n ^ d + (58b) 
n + n d + TT" ( 5 8 c ) 
and t h e i r r e s p e c t i v e c r o s s - s e c t i o n s c l j , a n d (T'^  f rom the 
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c o n s i d e r a t i o n s a s i n C h a p t e r I I I , w i l l be r e l a t e d a s 
<^1 - = 
The t o t a l c r o s s - s e c t i o n cp' f o r d e u t e r o n p r o d u c t i o n w i l l t h e n , 
o b v i o u s l y , be gLven by : 
0 - = 2 . 5 erf 
Thus, t o o a l c a l a t e t he t o t a l y i e l d of d e u t e r o n s i t i s 
s u f f i c i e n t to know t h e y i e l d from r e a c t i o n (58a) a l o n e . To 
c a l c u l a t e the y i e l d of d e u t e r o n s f rom r e a c t i o n ( 5 8 a ) , the 
p r o t o n number spec t rum i n the ene rgy i n t e r v a l (300~900) MeV 
was d e r i v e d from the o b s e r v e d d e u t e r o n number spec t rum f o r 
l i g h t n u c l e i and by u s i n g the e : ^ e r i m e n t i a l cu rves ' of F i t c h 
25 e t a l , f o r Be t a r g e t s . 
Table 14 shows the c a l c u l a t e d y i e l d of d e u t e r o n s p e r 
s t a r f o r d i f f e r e n t ene rgy i n t e r v a l s of ca scade n u c l e o n s of 
e n e r g i e s (300-900) MeV. As d i s c u s s e d i n Chap te r I I I t h e 
y i e l d of d e u t e r o n s f rom c a s c a d e n u c l e o n s o f e n e r g i e s beyond 
t h i s i n t e r v a l w i l l be n e g l i g i b l e . 
A l s o , from k i n e m a t i c a l c o n s i d e r a t i o n s o f t h e r e a c t i o n 
p + p >.d + TT'*' and t a k i n g i n t o a c c o u n t t h e Fermi m o t i o n of 
n u c l e o n s i n s i d e the n u c l e u s , i t i s f o u n d t h a t the d e u t e r o n s 
which a r e formed by c o l l i s i o n s of p r o t o n s of e n e r g i e s ( 3 0 0 -
900) MeV, shou ld be e m i t t e d w i t h e n e r g i e s (170-720) MeV. 
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TABLE 12 
CALCULATED YIELD OF DEUTERONS IN LIGHT NUCI.EI FROM 
COLLISIONS OF CASCADE TOCLEOHS OF ENERGY INTERVAL 
(SOO-^gOO) Mev WITH OTHER FJGLEONS OF THE NUCllUST 
Energy i n t e r v a l of c a s c a d e No, of d e u t e r o n s p e r s t a r 
n u c l e o n s 
300^ - 400 ,000411 + , 00024 
400 - 500 . 00768 + . 0046 
500 - 600 .0144 + .0086 
600 - 700 . 0 0 7 8 + . 0046 
700 - 800 .00278 + .0016 
800 900 .000532 + ,00031 
T o t a l = ,0336 + .0199 
I n Table 13 i t i s s e e n t h a t t h e r e a r e two d e u t e r o n s 
i n t h e e n e r g y i n t e r v a l ( 1 7 0 - 7 2 0 ) MeV. A p p l y i n g g e o m e t r i c a l 
c o r r e c t i o n to t h e s e e v e n t s , the e x p e r i m e n t a l f r e q u e n c y of 
d e u t e r o n s p e r s t a r comes out to be 0 , 0 2 8 + 0 ,019* The 
c a l c u l a t e d number of 0 , 0 3 3 6 + 0 , 0 1 9 9 d e u t e r o n s / s t a r compares 
w e l l , w i t h i n s t a t i s t i c a l e r r o r s , w i t h the e x p e r i m e n t a l number 
0 , 0 2 8 + 0 , 1 9 d e u t e r o n s / s t a r . 
Thus , i n t he c a s e of l i g h t n u c l e i a s w e l l , t h e 
c o n c l u s i o n r e a c h e d i s t h e same a s t h a t f o r heavy n u c l e i i , e , , 
t h e d e u t e r o n y i e l d i n the e n e r g y i n t e r v a l ( 1 7 0 - 7 2 0 ) MeV can 
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be s u c c e s s f u l l y i n t e r p r e t e d i n t e r m s of t h e mechanism of 
t h e i r p r o d u c t i o n by t h e c o l l i s i o n of c a s c a d e n u c l e o n s w i t h 
o t h e r n u c l e o n s of the n u c l e u s , 
c ) p r o d u c t i o n of d e u t e r o n s from the c a s c a d e n u c l e o n s by 
the p i c k - u p p r o c e s s : 
¥e have used t h e p i c k ~ u p p r o c e s s due t o Chew and 
G o l d b e r g e r f o r o a l c u l a t i r i g t h e f r e q u e n c y of e m i s s i o n of 
d e u t e r o n s f rom l i g h t n u c l e i . 
N e g l e c t i n g t h e ve ry s t e e p l y v a r y i n g p a r t i n e x p r e s s i o n 
f o r the p i c k - u p c r o s s - s e c t i o n o b t a i n e d by Chew a n d G o l d b e r g e r 
[eq.* (1 C h a p t e r I I , one o b t a i n s t h e f o l l o w i n g a p p r o x i m a t e 
22 e x p r e s s i o n f o r t h e t o t a l c r o s s - s e c t i o n t 
4 - Y S 7T 
cr" — o — 
Tota l aC -^
2-
_ Ejj J L 1 + J (59) 
w h e r e , E_ i s t h e e n e r g y of the deu te rom 
M b e i n g the n u c l e o n m a s s . A l so 
where oC i s g iven by V 
- M B p c^ — 
L 
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and Bjj i s t he d e u t e r o n b i n d i n g e n e r g y ( ~ 2 , 2 MeV). 
Thus, s u b s t i t u t i n g f o r o^ , we g e t B 18 MeV, 
and Ba ^ 
where — 
Hence , B - ^ 49 ^ B Ci 54 MeV. 
P 2 
If we takeJL as the geometrical cross-section for proton, 
then from eq., (59) we get. 
P "" 
B, N 
The e^cpress ion (60) g i v e s t h e d e u t e r o n to p r o t o n r a t i o a t 
d i f f e r e n t e n e r g i e s . T h i s r a t i o c a l c u l a t e d f r o m , t h e above 
e x p r e s s i o n i s shown i n F i g , 1 1 , I t i s e v i d e n t frcan the p l o t 
t h a t the r a t i o i s l a r g e a t 100 MeV b u t i t f a l l s t o v a l u e s 
n e g l i g i b l y s m a l l a t 300 MeV. 
As i n the e a s e of heavy n u c l e i , t h s y i e l d o f d e u t e r o n s 
o f the e n e r g i e s g r e a t e r t h a n 170 MeV t h r o u g h t h i s p r o c e s s 
w i l l be ve ry s m a l l , and i t w i l l n o t a l t e r t h e compar i son of 
t h e y i e l d of d e u t e r o n s i n t h e e n e r g y i n t e r v a l ( 1 7 0 - 7 2 0 ) MeV 
by t h e p r o c e s s e s l i k e 
n u c l e o n + n u c l e o n p i on + d e u t e r o n 
5 
CC 
5 
QL 
a 0-1 
I 
OL 
2 
A 
O'OI 
100 
ENERGV IN MeV 
1000 
R S - f i 
Deuteron / o proton ratio as a 
f u n c t i o n o j i n c i d e n t nacteon 
I f the p r o d u c t i o Q of d e u t e r o n s of e n e r g i e s ( 5 0 - 1 7 0 ) 
MeV i s c o n s i d e r e d t o be due to t h e Chew and G o l d b e r g e r 
p r o c e s s , t h e e x p e r i m e n t a l v a l u e s o f d / p r a t i o s i n t h i s 
( 
i n t e r v a l sho u l d a g r e e w i t h t h e c a l c u l a t e d r a t i o s shown i n 
F i g . 11 , Our d a t a , howeve r , i s n o t s u f f i c i e n t f o r t h i s 
compar i son and t h e r e f o r e , we have compared o n l y t h e t o t a l 
y i e l d i n t he e n e r g y i n t e r v a l ( 5 0 - 1 7 0 ) MeV. 
For c a l c u l a t i n g the f r e q u e n c y of e m i s s i o n of the 
d e u t e r o n s , we have u s e d the p r o t o n number s p e c t r u m g i v e n i n 
Table 1 2 . A l t h o u g h o u r d a t a i s s t a t i s t i c a l l y n o t a s good a s 
25 
t h o s e o f F i t c h e t a l . s t i l l we have p r e f e r r e d t o u s e our 
own p r o t c n number s p e c t r u m because of the c o n ^ e n c e of u s i n g 
i t f o r s m a l l e n e r g y i n t e r v a l s , ¥ i t h t he u s e of t h e c a l c u l a t -
ed r a t i o cu rve of F i g . 11 i n the e n e r g y i n t e r v a l ( 5 0 - 1 7 0 ) Me?, 
and the p r o t o n s p e c t r u m ^ v e n i n T a b l e 1 2 , the y i e l d of 
d e u t e r o n s p e r s t a r comes out t o be 0»19 + 0 . 0 7 . Making 
g e o m e t r i c a l c o r r e c t i o n s t o t he number o f d e u t e r o n s w i t h 
e n e r g i e s (50-17Q)MeV of T a b l e 13 , t he e x p e r i m e n t a l y i e l d i s 
found t o be 0^139 + 0 . 0 4 d e u t e r o n s / s t a r . The c a l c u l a t e d 
y i e l d of 0 . 1 9 + 0 .07 d e u t e r o n s / s t a r compares w e l l wit i l the 
e x p e r i m e n t a l v a l u e 0 . 1 3 9 + 0 . 0 4 d e u t e r o n s / s t a r w i t h i n 
s t a t i s t i c a l e r r o r s . 
T h u s , on s i m i l a r a rgumen t s a s f o r heavy n u c l e i , i t 
GIB 
may be c o n c l u d e d t h a t t h e p r o d u c t i o n of d e u t e r o n s of e n e r g i e s 
( 5 0 - 7 2 0 ) MeV e m i t t e d from l i g h t n u c l e i i s the combined e f f e c t 
of two p r o c e s s e s i ) the c o l l i s i o n of c a s c a d e n u c l e o n s w i t h 
o t h e r n u c l e o n s of t he t a r g e t and i i ) t he p i c k - u p p r o c e s s i n 
the n u c l e u s by the c a s c a d e n u c l e o n s . 
GIB 
CHAPTER V 
SUMMARY AND OUTLOOK 
I t can be seen t h a t t h e p r e s e n t exper iment p r o v i d e s 
r e l i a b l e d a t a f o r the e m i s s i o n of p r o t o n s and d e u t e r o n s of 
e n e r g i e s ( 2 0 - 3 6 0 ) MeV at idC30-720) MeV r e s p e c t i v e l y f rom 
24 6eV/c p r o t o n i n t e r a c t i o n s w i t h e m u l s i o n n u c l e i . The 
e m i s s i o n of d e u t e r o n s h a s been s t u d i e d i n terms o f 1 ) t h e 
p i c k - u p p r o c e s s by c a s c a d e n u c l e o n s , and 2) the c o l l i s i o n of 
t he c a s c a d e n u c l e o n s w i t h o t h e r n u c l e o n s of t h e t a r g e t 
n u c l e u s (N + N — d + TT )• The e x p e r i m e n t a l d a t a h a s been 
d i v i d e d i n t o two e n e r g y i n t e r v a l s o f 50 t o 170 MeV and 170 t o 
720 MeV. 
The y i e l d of d e u t e r o n s i n t h e e n e r g y i n t e r v a l ( 1 7 0 -
7 2 0 ) MeV h a s been f o u n d t o a g r e e w e l l w i t h t h e t h e o r e t i c a l 
e s t i m a t e s f rom t h e second p r o c e s s , namely 
N + N = d + 7T 
The y i e l d of d e u t e r o n s h a s been e s t i m a t e d f r o m t h s 
i n t e r a c t i o n s o f c a s c a d e n u c l e o n s h a v i n g e t i e r g i e s b e t w e e n 300 
and 900 MeV o n l y . The r e a s o ^ o r t h i s c h o i c e of t h e e n e r g y 
i n t e r v a l i s t h a t beyond 900 MeV, t h e c r o s s - s e c t i o n f a l l s to 
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ve ry low v a l u e s , wh i l e 3OO MeV i s a p p r o x i m a t e l y t h e t h r e s h o l d 
f o r t he p r o c e s s . The compar i son h a s been done f o r t h e y i e l d s 
f rom bo th the heavy a s w e l l a s t h e l i g h t n u c l e i i n e m u l s i o n ; 
The agreement seems t o be good i n bo th t he c a s e s . 
I f i t i s assumed t h a t d e u t e r o n s a r e a l s o p r o d u c e d 
f rom the e l e m e n t a r y c o l l i s i o n of besd p r o t o n s t h r o u g h t h e 
r e a e t i o n j p + n — d + iTT (1 b e i n g t h e number o f p i o n s 
p r o d u c e d ) , then from the k i n e m a t i c a l c c n s i d e r a t i o n s , we may 
a t t r i b u t e two of the o b s e r v e d d e u t e r o n s (Table 5» e v e n t s 
n o , 17 axid 21) t o have b e e n p r o d u c e d t h r o u ^ t h i s p r o c e s s . 
But f rom o u r p r e s e n t s t a t i s t i c s we a r e n o t i n a p o s i t i o n t o 
d e c i d e a s t o which of t t e two p r o c e s s e s t h e s e e v e n t s s h o u l d 
b e l o n g . An e x p e r i m e n t w i t h b e t t e r s t a t i s t i c s s h o u l d be a b l e 
t o s e p a r a t e t h e c o i t r i b u t i o n s t o t h e p r o d u c t i o n o f d e u t e r o n s 
f rom b o t h the p r o c e s s e s . 
The y i e l d s of t h e d e u t e r o n s i n both t h e heavy a s w e l l 
a s t h e l i g h t n u c l e i i n e m u l s i o n , i n t he e n e r g y i n t e r v a l ( 5 0 -
170) MeV have b e e n a c c o u n t e d f o r i n t e rms of t h e i r p r o d u c t i o n 
f rom the p i c k - u p p r o c e s s . To e v a l u a t e the t h e o r e t i c a l 
e s t i m a t e s f o r t he e m i s s i o n of d e u t e r o n s from the h e a v y and 
the l i ^ t n u c l e i i n e m u l s i o n we have u s e d the p i c k - u p 
20 19 
p r o c e s s a s f o r m u l a t e d by Heidmann, and Chew a n i G o l d b e r g e r 
r e s p e c t i v e l y . The p r o d u c t i o n o f d e u t e r o n s h a s been c o n s i d e r e d 
94 
f rom the ca scade n u c l e o n s i n t h e e n e r g y "band "(100^300) MeY 
f o r wM-da the y i e l d s are a p p r e c i a b l e . 
The y i e l d of d e u t e r o n s i n t h e energy i n t e r v a l ( 5 0 -
720) MeV has b e e n e x p l a i n e d i n t e r m s of t h e combined e f f e c t 
of t h e two p r o c e s s e s i ) the p i c k - u p p r o c e s s by the ca scade 
n u c l e o n s o f e n e r g i e s (100-300) MeV and i i ) the c o l l i s i o n of 
c a s c a d e n u c l e o n s i n t h e energy band (300-900) MeV, w i t h 
o t h e r n u c l e o n s i n t h e t a r g e t n u c l e u s . The view t h a t the 
d e u t e r o n s a r e p r o d u c e d by the c a s c a d e n u c l e o n s i s s u p p o r t e d 
that-
f u r t h e r by the f a c t ^ a n g u l a r d i s t r i b u t i o n s f o r t h e e m i t t e d 
p r o t o n s and d e u t e r o n s a r e s i m i l a r . 
I n t h e p r e s e n t expe r imen t we have e x p l a i n e d the 
e m i s s i o n of d e u t e r o n s of e n e r g i e s g r e a t e r t h a n 50 MeV» 
b e c a u s e t h i s cho i ce f o r the lower l i m i t of e n e r g y e x c l u d e s 
a l m o s t a l l t he p a r t i c l e s e m i t t e d i n the e v a p o r a t i o n p r o c e s s . 
I n t h e p r e s e n t i n v e s t i g a t i o n , i t h a s a l s o been t r i e d 
t o t e s t the v a l i d i t y of t h e B u t l e r and P e a r s o n ^ ^ model f o r 
the c o l l e c t e d d e u t e r o n s i n the momentum range ( 0 , 4 - 1 . 8 ) 
G e v / c , I t h a s been f o u n d t h a t e v e r y f e a t u r e of d e u t e r o n 
e m i s s i o n can not be e x p l a i n e d by t h e B u t l e r and P e a r s o n 
35 
mode l . The s lope of momentum spec t rum of d e u t e r o n s , on 
the b a s i s o f the B u t l e r and P e a r s o n m o d e l , ^ ^ i s e x p e c t e d to 
be - 4 . The e x p e r i m e n t a l va lue of - 2 , 3 3 f o r i t , however . 
95 
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d i f f e r s m a r k e d l y f rom the e x p e c t e d v a l u e • Sai i iewska e t a l , 
have a l s o repoiJed a d i s c r e p a n c y r e g a r d i n g some o f the 
f e a t u r e s o f d e u t e r o n s e m i s s i o n i n t h e e n e r g y r a n g e (4-6«"185) 
MeV of e m i t t e d d e u t e r o n s w i t h ygsM^ t h e B u t l e r a n i P e a r s o n 
35 m o d e l . They have s u r m i s e d t h a t some o t h e r mechanisms f o r 
d e u t e r o n p r o d u c t i o n a r e a l s o c o n t r i b u t i n g t o t h e y i e l d of 
d e u t e r o n s i n a d d i t i o n t o t h e mechanism p r o p o s e d by B u t l e r and 
35 
P e a r s o n . However, t h e p r e s e n t i n v e s t i g a t i o n shows a v e r y 
good agreement between t h e e x p e r i m e n t a l y i e l d s f o r t h e 
d e u t e r o n s and t h e i r t h e o r e t i c a l e s t i m a t e s b a s e d on t h e p i c k -
up and the e l e m e n t a r y c o l l i s i o n by the c a s c a d e n u c l e o n s . ¥ e 
t h e r e f o r e , do no t f e e l the n e c e s s i t y of i n v o k i n g t h e B u t l e r 35 and P e a r s o n m o d e l . 
F u r t h e r i t i s w o r t h w h i l e t o m e n t i o n t h a t the p r o c e s s e s 
which we have ccaasidered f o r t he p r o d u c t i o n of d e u t e r o n s have 
17 a s t r o n g e x p e r i m e n t a l support* The r e s u l t s due t o York , 
18 
and Brueckner and P o w e l l u s i n g a p r o p o r t i o n a l coxmter 
t e l e s c o p e and c loud chamber r e s p e c t i v e l y , f o r t h e d e u t e r o n 
e m i s s i o n from c a r b o n t a r g e t s , bombarded by a 90 MeV n e u t r o n 
beam, have been f o u n d t o a g r e e f a i r l y w e l l w i t h t h e c a l c u l a t -
ed r e s u l t s due t o t h e p i c k - u p p r o c e s s . Moreover t h e c r o s s -
s e c t i o n a" u s e d f o r e s t i m a t i n g t h e y i e l d s o f d e u t e E o n s 
t h r o u ^ the e l e m e n t a r y c o l l i s i o n o f c a s c a d e n u c l e o n s a r e t h e 
e x p e r i m e n t a l r e s u l t s o f hydrogen bubble chamber e x p e r i m e n t s . 
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The d e u t e r o n p r o d u c t i o n , i f assumed t o t a k e p l a c e 
t h r o u g h the p r o c e s s e s c o n s i d e r e d h e r e , would p o s e a p rob lem 
f o r e n e r g i e s g r e a t e r t h a n 720 MeV, s i n c e t h e s e p r o c e s s e s 
p r e d i c t a n e ^ i g i b l e y i e l d above t h i s e n e r g y . But i t i s 
hoped t h a t one can l o o k f o r t h e e x p l a n a t i o n of t h e i r e m i s s i o n 
above t h i s e n e r g y f rom e i t h e r t h e e l e m e n t a r y c o l l i s i o n 
p r o c e s s f o r beam p r o t o n s o r f rom some o t h e r p r o c e s s e s , which 
g i v e a p p r e c i a b l e y i e l d s o n l y a t h i g h e r e n e r g i e s . 
9? 
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